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ABSTRACT 
 Three Cu complexes varying in oxidation state from +1 to +3 were prepared from 
CuII starting materials and the hexafluoro--cumyl alkoxide ligand. These species include 
a targeted CuII tris-alkoxide, K[Cu(OC(C6H5)(CF3)2)3] (3); a trimeric Cu(I) complex, 
{K(18C6)}[K2{Cu(OC(C6H5)(CF3)2)2}3] (4); and a rare organocuprate CuIII complex, 
{K(18C6)}[Cu(OC(C6H4)(CF3)2)2] (5), which is stable at RT and has formed via ortho 
metalation of two C-H bonds present. The three complexes have been structurally 
characterized, and 4 and 5 were studied using NMR spectroscopy to gain insight into the 
mechanism of formation. 
 Using the bidentate perfluoropinacolate ligand (pinF)2-, four CuI complexes of the 
form K[(R3P)Cu(pinF)] or {K(18C6)}[(R3P)Cu(pinF)], with PR3 = PPh3 (9, 11) or PCy3 
(10, 12) have been synthesized, and structurally and spectroscopically characterized. 
Complexes 9-12 reduce O2 at -78°C to form a symmetric trinuclear {Cu3O2} species, 
SyTpinF, which has been characterized by EPR, cryo-MS, and stopped-flow spectroscopy. 
Kinetic formation and decay constants in conjunction with DFT calculations revealed 
evidence for an asymmetric, trimeric, intermediate species, AsTpinF, which forms prior to 
 ix 
SyTpinF. The trimeric core catalytically oxidizes para-hydroquinone to benzoquinone as a 
form of oxidase chemistry. 
 The CuII complex, K2[Cu(pinF)2] (14), has been evaluated for stability at reducing 
potentials in organic and aqueous media by cyclic voltammetry and UV-vis. The 
electrochemical reactivity of 14 was examined in basic conditions, which showed that 14 
is a precatalyst for the reduction of the NOx substrates NO3- and NO2-. The catalytic onset 
potential of NOx reduction coincides with the reduction of a transient CuI species to Cu0 
on the glassy carbon based electrode. Controlled potential electrolysis with concomitant 
15N-NMR studies have shown near quantitative reduction of NO3- to NO2- and NH4+ 
products or reduction of NO2- to NH4+. 
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CHAPTER 1. Redox Reactions Facilitated by Reduced Copper Species  
1.1. Introduction 
 Contemporary society has become highly materialistic, and thus must be indebted 
to the chemical industry for the production of materials around us. Chemicals such as 
polyethylene, the most common plastic, are made industrially on a kiloton scale, while 
newly synthesized drug candidates are often produced on much smaller, microgram 
scales. Both chemical examples, however, are prepared by one or more bond-forming 
reactions, and are done so by catalysts, which are used to make industrial processes faster 
and more efficient. For a specific example, small amounts of the Cr-based Phillips 
catalyst are used to produce half on the world’s polyethylene.1 Currently, many industrial 
catalysts are complexes that contain expensive metals, such as Pd and Pt. The efficiency 
of the metal catalyst alone, however, is no longer sufficient. One must not only consider 
the desired product, but also the energy input of the process, as well as the environmental 
cost of the reagents that are needed. It is desirable to find complexes that can catalyze 
industrial relevant processes with cheaper metals that are earth-abundant, inexpensive, 
and non-toxic.  
Research attention for efficient catalysts has shifted focus away from Pd- and Pt- 
based catalysts to the more earth-abundant and therefore economically sustainable 
options, such those composed featuring first-row transition metals.2 Efficient catalytic 
processes utilizing the first-row transition metals not only lower the cost of 
manufacturing, but also move society closer to goals employed by atom-economic green 
chemistry, including higher energy conservation, greater waste reduction, and improved 
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catalytic life cycles. Minimal cost, higher abundances, and decreased toxicity have fueled 
interests in oxidized complexes of Fe, Co, Ni, Cu, and Zn as potential catalysts for C-H 
activation.3-5 Accessing terminal metal-oxo complexes has been restricted by the oxo-
wall between groups 8 and 9 in the periodic table, where metal-oxo complexes in 
tetragonal symmetry are usually limited to metal compounds with no more than 5 d-
electrons.6-8 Terminal metal-oxo complexes are not likely to be found to the right of the 
“oxo-wall” due to an absence of available orbitals for -bonding from the oxo to the 
metal, which therefore becomes extremely nucleophilic and unstable (Scheme 1.1). 
Nature, however, has perfected enzymatic reactions utilizing similar active sites over 
thousands of millennia, which has drawn significant attention to the field of biomimetic 
modeling. Cu-containing enzymes, specifically, have been heavily investigated because 
the active sites catalyze complex redox reactions. 
 
Scheme 1.1. Terminal M-O electronic structures: oxyl (top) and oxo (bottom).  
M O OMM O
Metal Oxyl
Metal Oxo
M O
M O
M O M O
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Cu is both more earth-abundant and less expensive than competing precious 
metals. For example, Cu is nearly 100,000 times more abundant than Pt and 450 times 
less costly.9 Cu commonly exists in three oxidation states: Cu0, CuI, and CuII. A more 
rare oxidation state for copper is CuIII, and these complexes often exist either as oxides, 
fluorides, or transiently as intermediates in reactions of organo-Cu compounds.10 Varying 
the oxidation state can also vary the reactivity of the Cu complex, leading to multiple 
potential catalytic applications. Even though research is still being done to establish Cu 
complexes as industrially relevant catalysts,2 Nature uses Cu-containing enzymes for a 
wide variety of reactivity.11  
The chapters in this thesis do not focus on modeling the active sites of Cu-
containing enzymes, but rather focus on the inspiration of the redox reactivity of such 
enzymes as a conceptual building block, by designing unique Cu complexes to be 
examined for important reactivity. Chapter 2 describes the isolation of a RT stable 
organocuprate CuIII species that was formed by the intramolecular ortho metalation of 
two C-H bonds. Chapter 3 describes the synthesis and characterization of CuI-alkoxide 
species for the reduction of O2, and the reactivity of the resultant Cu/O2 species with 
external substrates. The final Chapter examines the aqueous reactivity of a CuII-alkoxide 
species for the electrocatalytic reduction of NOx substrates. 
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1.2. Cu as a Reducing Agent 
Cu metal centers can act as a reducing agent in many catalytic processes, 
including the reduction of dioxygen (O2) or NxOy substrates, which will independently be 
described below, and are the focus of Chapter 3 and 4 of this thesis, respectively. The 
reducing ability of CuI is observed in a multitude of cross-coupling reactions, leading to 
the formation of C-heteroatom bonds, including C-C, C-N, C-O, C-S, C-P, and C-Se.12 
Classical Ullmann type chemistry has been known for over a century,13 in which 
symmetric biaryls are synthesized, or various nucleophiles are coupled with aryl halides, 
both using a Cu catalyst. Cross-coupling is used to denote a -bond metathesis reaction 
between electrophilic, RX, and nucleophilic, MNu, reagents, in the presence of a catalyst 
(Scheme 1.2). The role of the catalyst is to take part in successive oxidative addition, 
transmetalation, and reductive elimination. 
 
Scheme 1.2. General cross-coupling reaction. 
 
Perhaps an important distinction between Cu and the more widely used catalyst 
metal center Pd is that Cu is able to access four oxidation states, 0 to 3+, while Pd has 
three oxidation states easily accessible, 0, +2,12 and +4.14,15 The cross-coupling catalytic 
cycle with Cu is serviced mostly by the +1 and +3 oxidation states, and a possible general 
mechanism is provided in Scheme 1.3. 
RX + MNu (or HNu + base)
catalyst
RNu
-MX (or HbaseX)
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Scheme 1.3. Possible cross-coupling pathways utilizing Cu. 
 
The order of oxidative addition or transmetalation steps in the Cu cycle is 
unknown, so two possibilities of cis-addition exist.12 A CuIY species can either go 
through transmetalation with a nucleophilic MNu species to form CuINu, followed by 
oxidative addition of an electrophilic RX substrate to form a CuIIINuRX intermediate 
(path A). This species reductively eliminates the RNu product with a new C-heteroatom 
bond, followed by regeneration of the CuIX starting material. Conversely, CuIY can 
oxidatively add an RX substrate to form CuIIIYRX, followed by transmetalation with the 
nucleophile to form CuIIINuRX (path B), which reductively eliminates RNu to complete 
the catalytic cycle. In either mechanistic pathway, CuI species act as powerful reducing 
CuIX
CuIY
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CuIIIR
X
Y
CuIIIR
X
Nu
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agents by a combination of oxidative addition and transmetalation, with product formed 
when CuIII acts as an oxidizer through reductive elimination.  
Spectroscopic evidence for the CuIII intermediate species postulated in Scheme 1.3 
was first reported by low temperature16 or rapid-injection NMR.10 The first example of a 
CuIII intermediate identified in such reactions was the lithium cyanobis(methyl)(3-
trimethylsiloxycylcohex-2-en-1-yl)cuprate(III) species.10 A solution of CuI iodo-Gilman 
reagent, [Me2CuLi-LiI], in d8-THF at -100°C was injected with substrate 2-
cyclohexenone, generating reactive intermediate -complexes. Injection of trimethylsilyl 
cyanide (TMSCN) generated the observed CuIII intermediate in quantitative yield. 
Warming from -100°C to -80°C produced MeCuCNLi and the expected conjugate 
addition product (Scheme 1.4). 
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Scheme 1.4. Isolation of CuIII intermediate by rapid-injection NMR.10  
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1.3. O2 Reduction 
O2 can be reductively activated and ultimately cleaved through a multi-electron 
process. A one-electron reduction of O2 results in the superoxide radical, O2-, while a 
two-electron reduction forms a peroxide, O22-. In the case of reduction by one or two 
electrons, where O2 is bound to a metal center, the O-O bond often increases in length 
due to electron transfer into the anti-bonding * orbitals of O2. Cleaving the O-O bond in 
O2 requires four electrons, resulting in two oxide moieties, O2-. This multistep reductive 
activation process can be facilitated by Cu metal centers, as depicted in Scheme 1.5. 
 
Scheme 1.5. Multi-step reduction of O2 facilitated by Cu metal centers.  
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The product of complete O2 reduction is H2O, in which the overall reduction is a 
four-electron, four-proton coupled process. Such reactivity is observed in many Cu-
containing enzymes with various active sites, including, but not limited to, the following 
examples: laccase and other multi-copper oxidases, in which a tricopper site and more 
distant Type 1 Cu center can effect oxidative coupling of catechols with concomitant 
reduction of O2 to H2O;17 tyrosinase (TYR), an enzyme that catalyzes the oxidation of 
mono or diphenols to quinones at a dinuclear Cu active site;2,18 and cytochrome c 
oxidase, which contains two heme molecules and a Cu center, in which one heme and Cu 
form a binuclear center where molecular O2 is reduced to two H2O molecules.19,20 Other 
Cu-containing enzymes do not completely reduce O2 to H2O, such as galactose oxidase, 
which contains a mononuclear Cu active site that catalyzes the abstraction of H-atoms 
from C-H bonds of substrates to form aldehydes and hydrogen peroxide (H2O2).18,21 The 
wide array of Cu-containing enzymes can be categorized into two classes: 1) oxidase 
enzymes, in which substrate oxidation is afforded without incorporation of an O-atom 
from O2 into the substrate, or 2) oxygenase enzymes, in which the incorporation of one of 
more O-atoms is realized in the oxidation of the C-H bonds of external substrate. 
Biomimetic modeling of Cu-containing enzymes that activate O2 has been a 
heavily active field.22,23 Complex and intricate ligand coordination environments are 
afforded by enzymes, surrounding the Cu center(s) and providing steric and 
thermodynamic controls of the activation of O2 and subsequent substrate oxidation,24,25 
and catalytic activity is achieved readily. Modeling complex Cu-containing enzymes by 
simpler small molecule systems has therefore become a central research focus.26 In Cu-
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containing enzymes, Cu centers are frequently coordinated to N of histidine residues, so 
synthetic studies of biomimetic complexes and catalytic applications have centrally 
focused on CuI and CuII containing complexes with N-donor ligation.25 
The reactivity of Cu and O2 has been extensively studied for decades,24,25,27 
resulting in structural and spectroscopic characterization of {CunO2} species with n = 1, 
2, 3,28 as shown in Scheme 1.6.  
 
Scheme 1.6. Summary of {CunO2} moieties characterized in the literature. 
 
Tetranuclear derivatives are known as well,27 but will not be discussed further due 
to their lack of relevance to this thesis. Characterized {CunO2} species include the 
mononuclear, {CuO2},29,30 1-superoxo (ES), 2-superoxo (SS), and 2-peroxo, (MP), in 
which the latter two have been crystallographically characterized including their O-O and 
Cu-O bond distances,31 while the ES species have only been characterized 
spectroscopically.32,33 The reactivity of {CuO2} moieties has been reported, but is limited 
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in comparison to their {Cu2O2} counterparts. An ES species supported by a tetradentate 
N-donor ligand was unreactive with typical substrates with weak C-H bonds, such as 9,10 
dihydroanthracene (9,10 DHA), but did oxidize 1-benzyl-1,4-dihydronicotinamide 
(BNAH) to BNA+ in 2-MeTHF at -125°C.34 An SS species with a tetradentate mixed N,S-
donor ligand oxidized 9,10 DHA to anthracene.34 Characterized CuIII MP complexes are 
reported as poor oxidants that do not react with H atom donors or O atom acceptors, 
which has been supported by computational studies in which the strong electron-donating 
properties of the supporting ligands render reduction and protonation difficult.34  
Much data has been collected on dinuclear, {Cu2O2}, systems, including trans--
1,2-peroxo (TP), -2:2-peroxo (SP), and the bis(-oxo) (O).35 Their spectroscopic 
characterization has been reported, including absorption spectra, Cu---Cu distance, and 
Cu-O bond distance or stretching frequency for all three, and O-O bond distance and 
stretching frequency for SP moieties.27 The reactivity of {Cu2O2} moieties with 
exogenous substrates has been widely studied.34,36 SP species are often stabilized by 
sterically hindering ligands, and most often display aromatic hydroxylation of external 
substrates, similar to the reactivity of TYR.34,37 Conversely, simpler and less sterically 
hindering ligands stabilize O species, which display C-H functionalization of substrates, 
such as the oxidation of cyclohexane to cyclohexanol or toluene to benzaldehyde.34,38 
Trinuclear {Cu3O2} systems (T) are rare,21,39 even though multi-copper oxidases couple 
the oxidation of substrates to complete the four electron reduction of O2 to H2O at a 
trinuclear Cu active site,27 including ascorbate oxidase, ceruloplasmin, and the previously 
mentioned laccase. 
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The mechanism of formation of {CunO2} species has been studied in depth 
(Scheme 1.7).17,18,27  
 
Scheme 1.7. Formation reactions of {CunO2} species with boxed species proposed to be 
in rapid equilibrium. 
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Oxygenation of a LCuI complex can result in a transient ES species, which reacts 
with another equivalent of LCuI to yield the dinuclear TP complex. This mechanistic 
pathway has only been observed in the presence of tetradentate ligands. With bi- and 
tridentate ligands, however, no transient {CuO2} species (SS and MP) have been observed 
during the course of the reaction leading to SP and O by addition of a second equivalent 
of LCuI, but the existence of a 1:1 species is inferred from the first-order dependence of 
the oxygenation rate on the CuI concentration. By increasing the steric bulk on bi- and 
tridentate ligands, the formation of SS and MP can be isolated,27 and are widely regarded 
as trapped intermediates preceding SP and O formation. Although unproven, an 
equilibrium between SS and MP is postulated.40 The rapid interconversion between SP and 
O is well documented for various ligands, and both steric or electronic effects play a role 
in where the equilibrium lies.27 Increasing the steric demands of the ligand destabilizes 
the O isomer in preference for the SP moiety. Interconversion of TP to SP and O has also 
been reported.41 Addition of LCuI to SP or O can result in a T species, though few 
mechanistic studies have been reported.42 
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1.4. Biomimetic Studies of Cu-Containing Enzymes for O2 Reduction 
Small molecule models of Cu-containing enzymes, including the O2 activating 
models described in the prior section, often utilize binucleating or trinucleating ligands 
that offer neutral N-donor atoms as donors to the metal center. The reactivity of {CunO2} 
cores, particularly {Cu2O2} systems, has been extensively reviewed.21,27,31,36,43 Model 
studies have aimed to reproduce the structure and reactivity of the Type 3 Cu enzyme 
TYR, primarily due to the fact that both oxygenase and oxidase chemistry are observed at 
the dinuclear active site.43 The oxygenase reactivity of TYR converts the amino acid L-
tyrosine to L-dopaquinone, involving the hydroxylation and two-electron oxidation of 
substrate, with formation of H2O (Scheme 1.8, left). TYR (and the related Type 3 Cu 
enzyme catechol oxidase) also catalyzes the two-electron oxidation of the catechol L-
DOPA, to the corresponding ortho-quinone, L-dopaquinone27 (Scheme 1.8, right), 
displaying oxidase reactivity. The structure of oxygenated TYR was crystallographically 
characterized and features a dinuclear SP active site, in which each CuII atom is 
coordinated by three histidines.43 Oxygenated TYR has subsequently been evaluated by 
UV-vis and resonance Raman (rRaman) spectroscopies, revealing peroxo-to-CuII charge 
transfer transitions and the O-O stretching vibration of the peroxo moiety for each 
spectroscopic technique, respectively.44 
  
  
15 
 
Scheme 1.8. Reactivity of TYR for the catalysis of L-tyrosine to L-dopaquinone (left) 
and catalysis of L-DOPA to L-dopaquinone (right).43 
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 Model systems for enzymes such as TYR can potentially provide important 
information on the structure, reactivity, and overall function of such enzymes. The 
oxidation activity of small molecular models can be divided into two categories: 1) 
systems that display intramolecular oxidation of ligand framework,18,45 or 2) systems that 
mediate the stoichiometric or catalytic oxygenation of external substrates.45-50 Due to the 
wealth of literature on {Cu2O2} systems and specifically TYR models, two examples of 
each classification have been chosen and described in detail. 
 An early synthetic approach to model TYR reactivity was the synthesis of the CuI 
complex [Cu2(XYL)]2+, where the ligand XYL contains a meta-xylene bridged structure 
with four pyridine residues.39,51-55 The complex [Cu2(XYL)]2+ reacts with O2 at low 
temperatures, forming a dinuclear CuII species bridged by two oxygen atoms, including 
an oxide and a phenolate O. After warming and work up, it was shown that the {Cu2O2} 
complex mediated the hydroxylation of the bridging xylene moiety (Scheme 1.9). 
Utilizing various spectroscopic methods and 18O2 labeling, it was proposed that the 
internal ligand hydroxylation was facilitated by a SP intermediate.47,56 Internal ligand 
hydroxylation has been attributed to steric effects of the ligand framework, specifically 
the proper orientation of the hydroxylation site to the SP moiety.57 
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Scheme 1.9. Hydroxylation of XYL by SP species resultant from oxygenation of 
[Cu2(XYL)]2+.43 
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 Model systems that can stoichiometrically or catalytically convert external 
substrates are of crucial importance to understanding and mimicking the reactivity of 
TYR. The first catalytic model system of TYR based on a mononuclear Cu complex was 
reported with a ligand containing a heterocylic pyridine residue and a tert-butyl-
terminated imine donor (Lpy) . In the presence of excess substrate and base, triethylamine 
(NEt3), the complex [CuI(Lpy)]+ hydroxylates the substrate 2,4-di-tert-butylphenol (2,4-
DTBP-H) to 3,5-di-tert-butylbenzoquinone (3,5-DTBQ) with a TON of 22.47 
 Mechanistic insights into the reactivity of model complexes such as [CuI(Lpy)] can 
provide information concerning the reactivity of TYR. The proposed mechanism of 
hydroxylation mediated by oxygenated [CuI(Lpy)] is shown in Scheme 1.10.51 Addition of 
two equivalents of NEt3 and one equivalent of 2,4-DTBP-H to [CuI(Lpy)]+ resulted in the 
formation of a CuI phenolato-triethylamine complex which was isolated and 
spectroscopically characterized. Oxygenation revealed changes in the absorption 
spectrum consistent with an intermediate containing 3,5-di-tert-butylcatecholate 
coordinated to a dinuclear Cu complex by way of SP species.43,51 This result was further 
confirmed by treating the reaction mixture to an acidic work up, revealing a mixture of 
2,4-DTBP-H/3,5-DTBQ/3,5-di-tert-butylcatecholate in a ratio of 5:4:1 as assessed by 
NMR and MALDI-TOF mass spectrometry. Upon addition of 100 equivalents of 
substrate and 200 equivalents of NEt3, the catecholate was released as 2,5-DTBQ, 
facilitated by protonation of the hydroxide group in the catecholate-bound dinuclear Cu 
complex through protonated triethylamine, which is propsed to function as a proton 
shuttle. This proton-transfer chemistry is analogous to that done by a conserved water 
  
19 
molecule in the mechanistic cycle of Ty.58 After two formal internal electron transfer 
reactions from the catecholate to form the ortho-quinone, two CuII centers are reduced to 
CuI, reforming the catalyst and closing the catalytic cycle. 
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Scheme 1.10. Proposed catalytic cycle for the hydroxylation of 2,4-DTBP-H to 3,5-
DTBQ via a SP intermediate.51 
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 Structural and electronic properties of N-donor ligands for biomimetic modeling 
have been varied considerably, even to the degree that the first catalytically active RT-
stable SP complex has been synthesized, which is supported by a tripodal ligand 
consisting of a pyridine ring and two tert-butyl-substituted pyrazoles.59 Varying the 
properties of the ligands on CuI precursors has not only been shown to facilitate the 
oxidation of external substrates, rather than internal ligand oxidation, but also can 
increase the stability of reactive intermediates within catalytic cycles, concomitant with a 
deeper understanding of the reactivity of Cu-containing enzymes such as TYR. 
 The formation and reactivity of {Cu3O2} T systems will be discussed in depth in 
Chapter 3. Briefly, there are eleven T species that have characterized in the literature to 
date,60-65 including three synthesized by the Doerrer Group.66 The characterized T species 
have displayed limited reactivity, but include the conversion of 2,4-DTBP-H to 3,5,3’,5’-
tetra-tert-butyl-biphenyl-2,2’diol60 and triphenylphosphine (PPh3) to triphenylphosphine 
oxide (O=PPh3).60,63 Nucleophilic reactivity has also been observed upon the conversion 
of exogenous CO2 to CO32-.64,66 These trinuclear species are far less studied in the 
literature than their dinuclear counterparts, even though trinuclear Cu-containing 
enzymes such as ascorbate oxidase, laccase, and ceruloplasmin do contain a trinuclear Cu 
active site.17,18,27 
1.5. NxOy Reduction 
Organic nitrogen is an integral part of the cell required for all organisms. The 
geochemical nitrogen cycle on Earth therefore plays an important role in the lives of all 
plants and animals. Imbalance in the nitrogen cycle has caused growing concern for the 
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future of human life. A notable example is that increased nitrogen-based fertilizers have 
been used to feed mankind, resulting in a shift of the distribution of nitrogen compounds 
in dramatic and dangerous ways.67 The nitrogen cycle (Scheme 1.11) contains several 
pathways, including denitrification, or the reduction of nitrate (NO3-) or nitrite (NO2-) to 
produce dinitrogen (N2). Such denitrifying bacteria occupy natural habitats including soil 
and water, and are responsible for returning fixed N2 to the atmosphere.68 Nitrogen 
fixation occurs when the enzyme nitrogenase, containing a Fe-Mo cluster active site, 
converts N2 in the Earth’s atmosphere to ammonia (NH3).69 The nitrogen cycle is 
completed by nitrification, in which NH3 or ammonium (NH4+) is oxidized to NO2- or 
NO3- by autotrophic ammonia-oxidizing archaea (AOA) or bacteria (AOB).70 Reversibly, 
the conversion of NO3- or NO2- to NH3 is ammonification, which is carried out by 
lithotrophic bacteria (LB) such as Thioploca or Thiomargarita.71,72 
 
Scheme 1.11. Nitrogen cycle on Earth. 
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Denitrification occurs in several steps, in which the first is the two-electron 
reduction of NO3- to NO2- by the enzyme nitrate reductase (NR), which contains a 
MoVI=O center with two dithiolene ligands.73 NO2- is reduced to nitrogen monoxide (NO) 
by the multi-Cu enzyme nitrite reductase (NIR), which contains a Type 1 and Type 2 
Cu.74 NO is reduced by two electrons to nitrous oxide (N2O) by the heme containing 
enzyme nitric oxide reductase (NOR).75 The final step is the two-electron reduction of 
N2O to N2, which is carried out by the Cu-containing enzyme nitrous oxide reductase 
(N2OR). N2OR contains a dinuclear Cu electron entry site, similar to cytochrome c 
oxidase,76 and a Cu cluster catalytic center in which a [Cu4(4-S)] moiety is ligated by 
seven histidine residues.77  
Far fewer biomimetic studies have been done concerning the duplication of 
structure and reactivity of Cu-containing enzymes such as NIR78,79 and N2OR80-82 
compared to efforts in mimicking the reactivity of Cu/O2 enzymes such as Ty. Potential 
reasons for the lack of model complexes in the literature include the fact that the redox 
chemistry provides significant challenges for synthetic models. There have also been 
some disagreements as to the features of either active site. Two significant recent 
examples from the literature are focused on below. 
The resting-state of the enzyme NIR contains a CuII center bound to three 
histidine residues and a H2O molecule in a tetrahedral geometry. The H2O molecule can 
readily be displaced by NO2-.83 Spectroscopic results have shown that a key intermediate 
in NO2--reductase reactivity is a CuI-NO2- species.84 A wealth of literature has been 
dedicated to studying NO2--bound CuII complexes with various NO2- binding modes,76 
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(Scheme 1.12) but fewer studies of CuI model complexes.85-88 The various binding modes 
of NO2- to Cu centers is shown in Scheme 1.12, including 1-O (O-nitrito), 2-O,O (O-O 
bidentate), and 1-N (N-nitro).89 
 
Scheme 1.12. Various binding modes of NO2- to Cu centers. 
 
Utilizing the deprotonated form of a tridentate carboxamide ligand, N-2-
methylthiophenyl-2’-pridinecarboxamide, CuII and CuI complexes relevant to the 
catalytic cycle of NIR were synthesized and characterized, and a CuI-NO2- bound 
complex was shown to evolve NO upon reaction with acids.90-92 The relevant CuII/I 
complexes are shown in the catalytic cycle in Scheme 1.13. The CuII complex starting 
material containing the amidato N- donor with Cl- bound in the axial position was 
structural characterized, and readily reacts with AgClO4 in H2O to form a CuII-aquo 
complex or NO2- to form the NO2- coordinated complex, in which NO2- binds in a 2-O,O 
fashion. Similarly, the CuII-aquo complex reacts with NO2-, displacing H2O and 
mimicking the reactivity of the resting state of NO2--reductase to form the NO2- 
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coordinated complex. Reduction of the NO2- coordinated CuII complex in MeCN forms 
the corresponding CuI-NO2- complex where 1-O and 1-N binding modes are observed 
for NO2-, confirmed electrochemically. This species can also be obtained from 
coulometrically reducing solutions of the CuII-aquo complex in the presence of NO2-. 
Coulometrically reduced solutions of the CuII-NO2- complex or independently 
synthesized solutions of CuI-NO2- react with HClO4 quantitatively to produce the CuII-
aquo and NO, detected and quantified electrochemically. The concentration of NO was 
determined to be equivalent to the Cu ion concentration, but no kinetic data is reported. 
All complexes in Scheme 1.13 were structurally characterized, except for the CuII-NO 
bound species, which exists as a proposed intermediate in the reduction cycle.93 Each step 
of the mechanistic cycle is meticulously characterized and supported by spectroscopic 
techniques, confirming these complexes act as models to NIR reactivity. 
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Scheme 1.13. Interconversion of CuII/I complexes relevant to the catalytic cycle of NIR.93 
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In the case of N2OR, the [Cu4(4-S)] structural motif is unique and more difficult 
to model.79,93-95 The first catalytically relevant series of N2OR model complexes was 
recently reported, and shown in Scheme 1.14.96 The [Cu4(4-S)]- cluster contains one CuII 
and three CuI centers, as evaluated by X-ray crystallography, cyclic voltammetry (CV), 
and electron paramagnetic resonance (EPR). The [Cu4(4-S)]- cluster stoichiometrically 
reduces N2O to N2 in THF solutions at low temperature, concomitant with the generation 
of nucleophilic O2- and the oxidized [Cu4(4-S)] species with two CuII and two CuI 
centers. The nucleophilic O2- was captured by addition of electrophiles such as Me3SiCl 
or PhC(O)Cl, forming (Me3Si)2O and PhC(O)OC(O)Ph, respectively. The quantification 
of N2 and O2- amounts is an ongoing study, but it is hypothesized that two molecules 
containing the [Cu4(4-S)]- cluster cooperate to reduce N2O by two electrons, with one 
cluster activating the substrate and the other acting as a sacrificial reductant. 
 
Scheme 1.14. N2O reduction by a [Cu4(4-S)]- cluster.96  
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1.6. O-donor Ligands 
 In a majority of the work described thus far, nitrogen-donor ligation has been 
dominant in the synthesis of biomimetic complexes for the study of the structure and 
reactivity of Cu-containing enzymes. N-donor ligands of the form NR2 are used to 
stabilize low-coordinate metal centers by way of varying the R groups to incorporate 
bulky substituents. In the case of oxygen as a donor atom vs. nitrogen, an O atom offers a 
more nucelophilic and harder coordination environment for metal complexes. Metal 
complexes incorporating oxygen as a ligand further support highly oxidizing species, 
including [CrVI2O7]2- and [MnVIIO4]-. The Doerrer Group aims to utilize this approach by 
expanding the use of OR as a ligand to form molecular complexes. O-donor ligands such 
as alkoxides and aryloxides (OR or OAr) are more restricted compared to amines in terms 
of the number of R groups that can vary. Expanding the ligand base set on metal 
complexes from N-donors or mixed N,O-donors to exclusively O-donors is an appealing 
approach to understanding further the structure and reactivity of oxidized metal 
complexes due to the paucity of such species in the literature.  
Alkoxide ligands are used entirely in this thesis, in which the alkoxide is a 
conjugate base of an alcohol containing an organic R group bound to an anionic O atom. 
By tuning the R group on the alkoxide ligand, the stability, acidity, volatility, solubility, 
electronegativity, and steric properties of the ligand can change, ultimately affecting the 
properties of the metal complex. Metal-alkoxide complexes97 are prepared by an 
alcoholysis or metathesis route (Scheme 1.15), or a combination of both. An alcoholysis 
reaction uses a metal-bound base to deprotonate an alcohol, generating an alkoxide ion in 
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situ, which reacts with the metal ion. Alkoxide ligands can also be isolated as alkali metal 
alkoxide salts, and used in metathesis reactions with metal-halide starting materials. 
Reacting the alkoxide salts with metal-halide starting materials produces alkali metal-
halides as byproduct. 
 
Scheme 1.15. Two routes to form metal-alkoxide complexes. 
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 Before Doerrer Group contributions, homoleptic metal-alkoxide complexes were 
most commonly targeted as precursors for metal-oxide chemical vapor deposition 
(MOCVD) for use in microelectronics and ceramics.98,99 These complexes were targeted 
with simple alkyl variations of the alkoxide ligand (OR = OMe, OEt, OiPr, OtBu) due to 
high volatility and therefore ease of purification through sublimation or distillation. The 
development of metal-alkoxide species has led to further understanding of the structural 
and electronic properties of O-donor ligands. A common structural motif of metal-
alkoxide structures is the bridging of metal centers by the alkoxide ligands to form 
polymeric structures, therefore oligomerizing the product. Tuning the steric properties of 
the ligand by addition of bulky substituents on the organic R group can avoid bridging of 
metal centers in metal-alkoxide compounds, leading to lower coordination numbers at the 
metal center.100-106 For example, the first monomeric neutral two-coordinate CoII 
complexes were recently synthesized with the use of the bulky 2,6-diaryl ligands 
HOArMe6 and HOAriPr4.106 These complexes are shown in Scheme 1.16, where 
[Co(OArMe6)2] has a bent O-Co-O geometry with an angle of 130.12(8)° and 
[Co(OAriPr4)2], with bulkier ortho substituents, has a linear O-Co-O geometry with an 
angle of 180°. 
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Scheme 1.16. Monomeric neutral CoII complexes with bulky arlyoxide ligands.106 
  
Co
OO CoO O
iPr
iPr
iPr
iPr
iPr
iPr
iPr
iPr
[Co(OArMe6)2] [Co(OAr
iPr4)2]
  
32 
1.7. Fluorinated O-donor Ligands 
 In this thesis, I have opted to make use of O-donor ligands as the primary 
platform for examining structure-function relationships of Cu complexes. In order to 
examine the reactivity of such Cu complexes, I have utilized O-donor ligands with 
varying degrees of fluorination in order to access stable or transient high oxidation states, 
such as CuIII. Fluorine is the most electronegative element in the periodic table, and has 
been previously used to stabilize metal complexes in high oxidation states, including 
[CrVIIF6] and [PtVIF6]. The sought-after oxidized metal complexes often fall prey to 
intramolecular decomposition via oxidation of susceptible C-H bonds incorporated in the 
ligands. One way to prevent this decomposition pathway is the incorporation of C-F 
bonds in place of C-H bonds. C-F bonds (117 kcal/mol) are stronger than C-H bonds (98 
kcal/mol) and therefore compounds containing C-F bonds resist oxidation more than their 
non-fluorinated congeners.  
Furthermore, when incorporated into O-donor ligands, fluorination also reduces 
the nucleophilicity and basicity of the O-atom bound to metal centers therefore reducing 
both the -bonding to metal centers and the potential of ligand bridging between metal 
centers as described above, as evidenced by density functional theory (DFT) 
calculations,96 and by lower pKa values in fluorinated aryloxide or alkoxides, for example 
5.53 for HOC6F5 versus 9.92 for HOC6H5. Increasing the degree of fluorination therefore 
strengthens the C-O bond in aryloxides or alkoxides and also increases the acidity of the 
alcohols, making them more soluble than their hydrogenated counterparts. 
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1.8. Cu Complexes with Fluorinated Alkoxides 
Only a limited number of Cu complexes with fluorinated alkoxide ligands have 
been reported in the literature prior to Doerrer Group contributions. Here, the 
coordination chemistry of the relatively small number of complexes can be summarized. 
A search of the Cambridge Structural Database (CSD)107 for complexes containing a Cu-
O-C-F or Cu-O-C-C-F moiety revealed 345 structures. Narrowing this search by 
excluding Cu-N bonds reduced the structures to 122. Further excluding carboxylate 
containing ligands provided a number of 36 structures, 6 of which where private 
communications, and 15 of which have been reported by the Doerrer Group (section 1.9). 
A majority of the resulting 15 structures are described below, and the rest of the Cu 
complexes not described in this thesis utilize the same108-112 or similar113,114 fluorinated 
alkoxide ligands. 
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 A series of Cu complexes with fluorinated alkoxide ligands were synthesized 
with applications in the ceramic superconductor field99 and are shown in Scheme 1.17.  
 
Scheme 1.17. Examples of crystallographically reported Cu complexes with fluorinated 
alkoxide ligands from George and Purdy et al.: Ba[Cu(OC(CH3)(CF3)2)3]2,115 
Na2[Cu(OCH(CF3)2)4],116 [(TMEDA)(OC4F9)Cu(2-oxalato)Cu(OC4F9)(TMEDA)],117 
and [Cu4(-OC4H9)6(OC4F9)2].118 
 
George and Purdy described the first crystallographically reported three-
coordinate CuII complex, Ba[Cu(OC(CH3)(CF3)2)3]2, synthesized by addition of 
Ba(OC(CH3)(CF3)2)2 to CuCl2 in a 1:1 or 3:2 ratio, followed by purification by 
sublimation.115 The structurally characterized Ba[Cu(OC(CH3)(CF3)2)3]2 revealed a 
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planar {CuIIO3} moiety with similar Cu-O bond distances to other Cu compounds with 
non-fluorinated alkoxide ligands. The mixed-valent CuI/II complex [Cu4(OC4F9)7] and the 
related CuI complex [Cu(OC4F9)]n were also described, though only elemental analysis 
and no crystallographic data were reported.115 At the time of publication, these 
compounds were believed to be the most volatile copper- and barium-alkoxides known. 
 The CuII compound Na2[Cu(OCH(CF3)2)4] was also synthesized by a metathesis 
route of addition of four equivalents NaOCH(CF3)2 to CuCl2, and was characterized 
crystallographically by George and Purdy.116 The {CuO4} moiety is closer to a rhombic 
coplanar geometry than a compressed tetrahedral, with a small dihedral angle between O-
Cu-O of 22.4°. The complex BaCu[OCH(CF3)2]4 was also prepared by not characterized 
crystallographically.116 Both complexes were characterized by 19F-NMR and EPR 
spectroscopy, with the EPR spectra displaying four hyperfine lines indicative of 
mononuclear CuII. 
George and Purdy later reported four other CuII-alkoxide complexes with OC4F9 
or OC(CH3)(CF3)2 ligands. A reaction of Cu(OH)2 and HOC4F9 with TMEDA led to the 
formation of the dimeric structure [(TMEDA)(OC4F9)Cu(2-
oxalato)Cu(OC4F9)(TMEDA)]117. The crystal structure revealed two distorted square-
pyramidal five-coordinate Cu centers with a terminal OC4F9 ligand on each metal center, 
which are bridged by an oxalate. Reaction of [Cu(OC4H9)2]n with HOC4F9, yielded a 
mixture of tetrameric [Cu4(-OC4H9)6(OC4F9)2] and trimeric [Cu3(-OC4H9)4(OC4F9)2] 
species with terminal OC4F9 ligands and bridging OC4H9 ligands, which were separated 
by recrystallization or sublimation.118 Only the complex [Cu4(-OC4H9)6(OC4F9)2] was 
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structurally characterized, and both were independently characterized by 1H- and 19F-
NMR spectroscopy, elemental analysis, and magnetic susceptibility that revealed 
antiferromagnetic coupling. For [Cu4(-OC4H9)6(OC4F9)2], two exchange interactions 
were observed, one between each terminal Cu and its adjacent partner, and the second 
between the two innermost Cu centers, where each CuII is S = ½. The analogue 
[Cu(OC4H9)(OC(CH3)(CF3)2)]n was also synthesized and characterized by multinuclear 
NMR and elemental analysis.118 
Another series of Cu complexes with fluorinated alkoxide ligands was reported by 
Willis and co-workers, shown in Scheme 1.18.  
 
Scheme 1.18. Examples of crystallographically characterized Cu complexes with 
fluorinated alkoxide ligands from Willis et al.: (Ph4P)2[Cu(OC(CF3)2OH)4],119 
[(TMEDA)Cu(O2C6F12O)].120  
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The CuII compound (Ph4P)2[Cu(OC(CF3)2OH)4] was synthesized by reaction of 
KOC(CF3)2OH with CuCl2 and was characterized crystallographically.119 At the time of 
publication the species was the first CuII complex with four alkoxide ligands. The 
complex has a CuII center in a square-planar geometry, and is uniquely stabilized by four 
hydrogen bonds from the hydroxyl groups on each ligand to the adjacent alkoxide O-
atom bound to the Cu center, generating a 16-membered ring. The CuII compound 
[(TMEDA)Cu(O2C6F12O)] utilizing the bidentate fluorinated ligand 
O2C(CF3)2OC(CF3)2O was synthesized and structurally characterized. The complex 
contains the condensed dialkoxide ligand, which forms a non-planar six membered 
chelate ring.120 A CuII complex of the form K2[Cu(O2C2(CF3)4] was also synthesized, but 
not structurally characterized, in which O2C2(CF3)4 is another bidentate dialkoxide.121,122 
This complex was further characterized by the Doerrer Group (section 1.9)123 and its 
reactivity is described in Chapter 4. Willis has also reported Cu complexes with 
fluorinated mixed N,O-donor ligands that will not be discussed in this thesis.124 
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1.9. Fluorinated Alkoxide Ligands in the Doerrer Group 
The Doerrer Group has contributed greatly to the metal alkoxide literature by the 
addition of numerous metal complexes with fluorinated aryloxide or alkoxide ligands. 
Complexes of the form [M(OAr)4]2- with M = CuII,125 CoII,126,127 NiII,126 and FeII 128 or 
[M(OAr)5]2- with M = FeIII 125 were synthesized, with OAr = OC6F5 
(pentafluorophenoxide) or 3,5-OC6H3(CF3)2 (Scheme 1.19). The homoleptic CoII and CuII 
fluorinated phenolate complexes were reported as the first examples of homoleptic 
aryloxide complexes that did not require bulky substituents to prevent bridging between 
metal centers.125  
 
Scheme 1.19. Fluorinated aryloxide ligands used by the Doerrer Group. 
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It became evident, however, that aryloxide ligands were not ideal for oxidation 
studies with oxygen transfer reagents such as PhIO due to the stability of the phenoxyl 
radical (Scheme 1.20, top).126 In order to circumvent undesired aryloxide ligand oxidation 
in order to pursue metal-based oxidation studies, fluorinated alkoxide ligands were 
utilized, in which the alkoxy radical cannot be stabilized by resonance forms involving 
the sp3 hybridized carbon atom (Scheme 1.20, bottom). 
 
 
Scheme 1.20. Resonance stabilized forms of pentafluorophenoxyl radical (top) and 
oxidation of a fluorinated alkoxide leading to an unstable alkoxyl radical (bottom).  
 
Alkoxide metal complexes of the form [M(OR)3]- with M = FeII,125 CoII,129 
CuII,129 and ZnII 129 or [M(OR)3(L)]- with M = CoII 129 and ZnII 129 or [M(OR)4]2- with M = 
CoII 129 and NiII 129 with L = THF and OR = OC4F9 (perfluoro-tert-butoxide) have 
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previously been synthesized by the Doerrer Group. With the successful complexation of 
metals with the monodentate alkoxide ligand OC4F9, UV-vis-NIR spectroscopy was used 
to generate an extended spectrochemical series to quantify the ligand field strength of the 
fluorinated O-donor aryloxides and alkoxide used by the Doerrer Group.128 With the 
fluorinated OR and OAr ligands shown to be medium-field ligands similar to OH- or F-, 
the spectrochemical series was determined to be OC6H3(CF3)2 > OC6F5 ~ NCO > OC4F9 
> Cl > Br > I.128 Synthetic work to isolate CuII tris-alkoxide complexes, [Cu(OR)3]- with 
the related and partially fluorinated ligands OC(CH3)(CF3)2 (hexafluoro-tert-butoxide) or 
OC(C6H5)(CF3)2 (hexafluoro--cumyl alkoxide) are summarized in Chapter 2. These 
three alkoxide ligands with varying degrees of fluorination are shown in Scheme 1.21.  
 
Scheme 1.21. Fluorinated alkoxide ligands used by the Doerrer Group. 
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compounds of the form [LCu(-OR)2CuL] with OR = OC4F9 and OC(C6H5)(CF3)2,66 but 
these complexes have yet to be examined for reactivity. A new family of synthesized CuI 
complexes with the bidentate fluorinated alkoxide ligand perfluoropinacolate, or (pinF)2-, 
are presented in Chapter 3. 
The Doerrer Group has previously investigated 3d transition metal complexes for 
reactivity with (pinF)2-. This bidentate, O-donor ligand can stabilize complexes from a 
thermodynamic standpoint via chelation. The alcohol perfluoropinacol (H2pinF) is stable 
in H2O with a pKa1 of 5.95 and pKa2 of 10.7,130 and is more stable and acidic than other 
primary and secondary fluorinated alcohols due to formation of an anion stabilized by H-
bonding.131 The ligand (pinF)2- was first prepared as a lithium alkoxide intermediate 
formed by the bimolecular reductive coupling of hexafluoroacetone with Li,131 and later 
with Na,132 as shown in Scheme 1.22. 
 
Scheme 1.22. Reductive coupling of hexafluoroacetone to form alkoxide salts A2(pinF). 
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Prior to Doerrer Group contributions, metal complexes of the form [M(pinF)3]2- 
with M = FeIII and AlIII or [M(pinF)2]2- with M = MnII, NiII, CuII, and ZnII were 
synthesized by Willis, though no structural data were reported, except for the Ni 
complex.121,122 Magnetic susceptibility data suggested octahedral geometries for the FeIII 
species, and square-planar geometries for MnII and CoII.121 The Doerrer Group has 
prepared the FeII and CoII [M(pinF)2]2- derivatives, in which the paramagnetic complexes 
are uniquely square-planar and high-spin. Later, a total of seven complexes of the form 
[M(pinF)2]2- with M = FeII, CoII, NiII, CuII, and ZnII were reported with K, Me4N, or 
nBu4N cations, including structural, spectroscopic, magnetic, and electrochemical 
characterization. The reactivity of the complex K2[Cu(pinF)2] under aerobic conditions 
has been evaluated and is the focus of Chapter 4. 
 
1.10. Summary and Conclusions 
 
 In summary, current research is shifting away from the focus of Pd or Pt based 
catalysts, and the use of Cu-containing complexes has become more economical and 
sufficient for the same result. Cu is involved in a wide array of redox processes, as 
displayed through cross-coupling reactions, the reduction of O2, or the reduction of NOx 
substrates. Although bioinorganic modeling has slowly progressed in mimicking the 
reactivity that is so easily and efficiently done by Nature, more mechanistic details of 
complex redox processes are understood today. Whereas most of the work in the 
literature pertains to Cu-complexes with N-donor ligands, we have chosen to examine 
metal complexes with fluorinated O-donor ligands. Only a handful of Cu complexes with 
  
43 
fluorinated O-donor ligands had been reported in the literature, and reports of their 
reactivity were limited.  
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CHAPTER 2. Room-Temperature Stable Organocuprate CuIII Complex  
2.1. Introduction 
Inexpensive, earth-abundant Cu is active in numerous homogenous catalytic 
processes. OrganoCu(III) intermediates are believed to play a role in a subset of these, 
including the Ullmann reaction133 and cross-coupling134 or organocuprate additions.135 
Before the turn of the 21st century, organometallic CuIII complexes were rare.136,137 The 
CuIII centers in the isolable species were stabilized by chelating ligands or CF3 groups. 
These complexes include [Cu(CF3)2(S2CN(C2H5)2],138 [Cu(CF3)4]-,139 [Cu-N2CP], in 
which N2CP is the doubly N-confused porphyrin 2-ethoxy-5,10,15,20-
tetrapentafluorophenyl-3,7-diaza-21,22-dicarbaporphyrin,140 and a unique trigonal 
bipyramidal structure, [Cu(tptm)Cl]-, where tptm is tris(2-pyridylthio)methanide.141 
These reported compounds, however, did not exhibit reactivity of the long-debated and 
proposed CuIII intermediates of catalytic reactions.135 In this Chapter, I report the 
synthesis and characterization of a family of Cu complexes ranging in oxidation state 
from +1 to +3, including an organometallic CuIII compound that is uniquely stable at RT, 
that has formed by intramolecular ortho metalation of two phenyl C-H bonds on a 
partially fluorinated O-donating ligand.  
Studies of organoCu(III) compounds have proven to be challenging over time. 
The observation of organoCu(III) species using rapid-injection NMR spectroscopy (RI-
NMR) to study the reactivity of organoCu(I) Gilman reagents with allylic substrates was 
reported in 2007.142 The high-valent species were generated in situ, under nitrogen at -
100°C.143-146 When they were heated to ambient temperatures, these species underwent 
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reductive elimination to form new C-C bonds.145 Similar species were studied by low 
temperature 1H and HMBC NMR studies.147 These spectroscopic observations provided 
direct evidence for the long-sought CuIII intermediates in such cross-coupling reactions.  
A reactive family of CuIII complexes with monoanionic triazamacrocyclic ligands 
(Scheme 2.1, left) has also been prepared by aerobic disproportionation and subsequently 
isolated.148 Their structural and spectroscopic properties have been studied extensively 
over the past decade.148,149 These aryl-CuIII complexes form C-O bonds by reaction with 
oxygen nucleophiles150 or by reductive elimination151 and C-N bonds with amide type 
nucleophiles152 or by reductive elimination.153 The CuIII species have been identified and 
proposed as intermediates in both the CuII catalytic mechanism of C-H methoxylation and 
amidation of macrocyclic substrates with O2 as an oxidant154 and in Ullmann type 
coupling reactions.155 
 
Scheme 2.1. Selected isolable CuIII species with a triazamacrocyclic ligand149 (left) and a 
azacalix[1]arene[3]pyridine ligand156 (right) from the literature. 
HN NH
N
CuIII
N N
N N
N NN
CuIII
2+2+
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Finally, CuIII species were prepared from the oxidation of CuII via an 
azacalix[1]arene[3]pyridine ligand to form an aryl-CuIII compound (Scheme 2.1, right) 
after disproportionation and C-H activation, in which the CuI species is aerobically 
oxidized to CuIII.156 These CuIII species react with nucleophiles and alcohols to form C-O 
bonds157 and halogens to form C-X bonds.158 In addition, the CuIII intermediates have 
been reacted with terminal alkynes and alkynyllithium reagents to form cross-coupled 
Caryl-Calkynyl bonds.159 Separately, a one pot synthesis with CuII yielded Caryl-Calkyl bonds, 
and independently prepared aryl-CuIII species were also used in the cross-coupling 
reactions.160 Aryl triflates embedded in the macrocyclic ligand underwent catalytic 
halogenation or acyloxylation in the presence of CuOTf proceeding through reductive 
elimination.161 
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With respect to the above literature reports of CuIII species, high-valent complexes 
are not only useful for desired C-H activation, but can also be prey to decomposition due 
to unwanted reactions of this same type.  Therefore, the Doerrer Group has focused on 
investigating complexes of the late 3d metals with monodentate, oxygen-donating, 
partially or fully fluorinated ligands.  Using these ligands, seen in Scheme 2.2, the 
varying degrees of fluorination not only make C-H activation less likely, but also reduce 
both the π-donor character of the O atom and ligand bridging.  
 
Scheme 2.2. Alkoxide ligands, -OC4F9 (perfluoro-tert-butoxide), -OC(CH3)(CF3)2 
(hexafluoro-tert-butoxide) and -OC(C6H5)(CF3)2 (hexafluoro--cumyl alkoxide). 
 
This effect maintains open coordination sites at metal centers, and potentially 
stabilizes high oxidation states in transition metals. These fluorinated ligands are medium 
field ligands, similar to OH- and F-, and stronger than NCO-, whose character has been 
shown spectroscopically162 and computationally.163 A series of high spin, three-
coordinate alkoxide complexes of the type [M(ORF)3]- were previously synthesized with 
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ORF = OC4F9 and M = FeII, CoII.164 The four-coordinate complexes [M(ORF)4]- with M = 
CoII,164 NiII 162 and [M(ORF)3(THF)]- with M = CoII, ZnII 164 were also synthesized.  One 
fully-fluorinated CuII complex with ORF = OC4F9 (1)164 was prepared by a previous 
group member.  This work was extended to a partially fluorinated ligand OR = 
OC(CH3)(CF3)2 (2)165 which was similarly prepared via a salt metathesis route (Scheme 
2.3).  
 
Scheme 2.3. General metathesis synthesis for CuII tris-alkoxide complexes. 
 
The CuII tris-alkoxide complexes 1164 and 2165 were prepared by reacting one 
equivalent of CuX2 with three equivalents of the K alkoxide salt in THF. Removal of 
presumed KX by filtration and the addition of 18C6 in DCM afforded 1 and 2 in good 
yields (75% and 61%, respectively). Compound 1 and 2 exhibit solution magnetic 
moments of 1.87 μB and 1.95 μB, respectively, consistent with one unpaired electron and 
an absence of spin-orbit coupling. Although no crystals suitable for X-ray analysis were 
obtained for 1, recrystallization of 2 resulted in green crystals suitable for X-ray analysis 
(Figure 2.1).165 
CuX2 + 3KOR
F
18C6
THF
Cu
RFO ORF
{K(18C6)}
ORF = OC4F9, OC(CH3)(CF3)2
1 2
ORF
DCM
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Figure 2.1. ORTEP diagram of 2165 showing KF and KO interactions. Hydrogen 
atoms omitted for clarity. Ellipsoids are shown at the 50% probability level.  Selected 
bond lengths [Å] and angles [°]: Cu(1)-O(7) 1.8283(18), Cu(1)-O(8) 1.8576(15), Cu(1)-
O(9) 1.8349(19), O(7)-Cu(1)- O(8) 136.69(9), O(8)-Cu(1)-O(9) 109.42(1), O(9)-Cu(1)-
O(7) 113.88(9). 
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A CuII anion in a distorted trigonal planar geometry was revealed by single-crystal 
X-ray diffraction. The six oxygen atoms of 18C6 encapsulate the K+ cation, which also 
displays a single KO interaction and two KF interactions to one alkoxide ligand. 
These KO and KF interactions are unique in that they are not commonly observed in 
transition metal complexes due to the fact that fluorinated and/or oxygen-donating 
ligands are sparsely used in the literature in comparison to N-donor ligands. Examples of 
KO166 and KF167,168 interactions have been reported in transition metal complexes not 
published by the Doerrer Group, and such interactions can have an effect on the 
exogenous reactivity of complexes.66 The bond valence analysis169 of KO and KF 
interactions in K[Cu(ORF)2] complexes has been quantified in order to determine the 
relative contributions to the coordination sphere of the potassium metal ion.66  
The average Cu-O bond distance in 2 is 1.840(2) Å, similar to the average Cu-O 
bond distance of 1.849(7) Å in another Cu complex utilizing this ligand, 
Ba[Cu(OC(CH3)(CF3)2)3]2.170 The elongated distance of 1.858(2) Å for Cu(1)-O(8) is due 
to the bridging interaction of O(8) with the {K(18C6)}+ cation. The CuO3 core in the 
anion is nearly planar with the CuII atom displaced by 0.012 Å from the best {O3} plane. 
The O(7)-Cu(1)-O(8) angle of 136.69(8)° is much larger than the other two O-Cu-O 
angles, which are both smaller than 120°. 
In this thesis Chapter, I extend the synthetic work to the CuII tris-alkoxide 
complex with the hexafluoro--cumyl alkoxide ligand, OC(C6H5)(CF3)2. The synthesis 
led to the discovery of three novel Cu complexes in oxidation states +1, +2, and +3 from 
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CuII starting materials, shown in Scheme 2.4. The species include the targeted CuII tris-
alkoxide species (3), a trimeric CuI complex (4), and a rare organocuprate CuIII complex 
that is stable at RT, which has formed by ortho metalation of two C-H bonds (5). The CuI 
and CuIII species have been meticulously studied by multinuclear NMR to assess the 
mechanism of formation. 
 
Scheme 2.4. Isolated Cu complexes 3-5 with the hexafluoro--cumyl ligand reported in 
this Chapter. 
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2.2. Experimental 
2.2.1. General Procedures 
Ligand synthesis and Cu complex preparations were performed at RT in an 
Mbraun purified N2-filled drybox or using standard Schlenk techniques under an 
atmosphere of N2 or Ar. The anhydrous solvents DCM, THF, Et2O, and hexanes were 
purified with an Ar-filled Mbraun SPS equipped with dual columns of anhydrous Al2O3. 
The deuterated solvent d2-DCM used for NMR samples, and the internal reference 19F 
standard, CFCl3, were both dried by refluxing over CaH2; d8-THF was dried over 
molecular sieves. All solvents were stored over molecular sieves in an N2-filled drybox. 
Celite was dried overnight in vacuo while being heated to 125°C with an oil bath. The 
reagent 18C6 was obtained from commercial sources and recrystallized from toluene and 
hexanes. The reagent KH was obtained as a mineral dispersion (30 wt %), and was 
purified by washing with hexanes and drying in vacuo prior to storage in the drybox. The 
fluorinated alcohols, HOC4F9, HOC(CH3)(CF3)2, and HOC(C6H5)(CF3)2 were purchased 
from Oakwood Chemicals or Matrix Scientific and were dried over sieves before being 
stored in the drybox. K ligand salts used in metathesis reactions were prepared as 
described previously.164 The reagent TBAPF6 was triply recrystallized from DCM and 
hexanes. All other reagents were obtained commercially and used without purification. 
2.2.2. Physical Methods 
NMR spectra were recorded on a Varian 400 MHz spectrometer at RT. Chemical 
shifts () for 1H, 13C{1H}, COSY, and HSQC NMR spectra were referenced to the 
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resonance of residual protio solvent (1H) or the 13C{1H} resonance of the solvent. 
Chemical shifts () for 19F-NMR spectra were referenced to internal CFCl3. Solution 
phase magnetic susceptibility was determined via the Evans method171,172 in d2-DCM 
with (Me3Si)2O as the internal reference. UV-vis data were collected with a Shimadzu 
UV-3600 spectrophotometer. Conductivity studies were performed at RT in the drybox 
using a Fisher Scientific Traceable Portable Conductivity Meter (Model Number 09-326-
2). Elemental analyses were performed by Quantitative Technologies, Inc. (Whitehouse, 
NJ), or by Atlantic Microlab, Inc. (Norcross, GA).   
2.2.3. X-ray Crystallography and Structure Determination 
Collaboration efforts produced X-ray crystallographic data for 3 (yellow blocks) 
and 4 (colorless blocks), which were analyzed at the Small Molecule X-ray 
Crystallographic Facility of UCSD (La Jolla, CA). Single crystal X-ray diffraction data 
were collected on APEX-CCD-detector equipped Bruker diffractometers with Mo K 
radiation. Data for a yellow block crystal of 5 were collected at 100 ± 1 K on a Bruker 
Proteum-R system equipped with a CCD area detector, Cu K radiation and an Oxford 
Cryostream 700 low temperature device at BU (Boston, MA). All crystals were mounted 
on a cryoloop with Paratone-N oil and cooled under a stream of N2 gas. Data were 
corrected for absorption using semi-empirical, multi-scan methods. All structures were 
solved by heavy-atom methods and the remaining non-hydrogen atoms were located from 
subsequent difference maps. Data were integrated using the Bruker SHELXTL software 
program and scaled using the SADABS software program. Solution was by direct 
methods (SHELXS) and all non-hydrogen atoms were refined anisotropically by full-
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matrix least squares (SHELXL-97). Hydrogen atoms were treated as idealized 
contributions and were placed in calculated positions with appropriate riding models. 
2.2.4. Cu Alkoxide Complex Syntheses 
K[Cu(OC(C6H5)(CF3)2)3] (3): A solution of KOC(C6H5)(CF3)2 (0.201 g, 0.744 mmol) 
was added to an orange-brown slurry of CuBr2 (0.0810 g, 0.363 mmol) in THF. A 
deficiency of KOC(C6H5)(CF3)2 was used in order to force formation of the CuII tris-
alkoxide. The reaction mixture turned cloudy brown-green and was left stirring at RT 
overnight. The cloudy brown-green solution was filtered through Celite to remove 
presumed KBr and triturated three times with DCM. The brown solution was stirred in 
DCM for three hours, filtered to remove residual KBr, and DCM was removed in vacuo. 
The crude product was recrystallized from DCM and hexanes at -35°C. Recrystallization 
resulted in yellow blocks coated in dark oil, and they were extracted and washed with a 
mixture of hexanes and DCM (80:20), and isolated in only 3% yield based on Cu (0.0082 
g). A small amount of yellow-green crystals suitable for single crystal X-ray diffraction 
were grown from the recrystallization mixture at -35°C. Due the low yield of the reaction, 
only structural crystallographic characterization could be provided. 
{K(18C6)}[K2{Cu(OC(C6H5)(CF3)2)2}3] (4): A solution of KOC(C6H5)(CF3)2 (0.3952 g, 
1.40 mmol) was added to an orange-brown slurry of CuBr2 (0.1036 g, 0.464 mmol) in 
THF. The reaction mixture turned cloudy brown-green and was left stirring at RT 
overnight. The cloudy brown-green solution was filtered through Celite to remove 
presumed KBr and triturated three times with DCM. A solution of 18C6 (0.0371 g, 0.140 
mmol) in DCM was added and the resultant brown solution was stirred for three hours, 
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filtered to remove more residual KBr, and DCM was removed in vacuo. The crude 
product was recrystallized from DCM and hexanes at -35°C for several days. 
Recrystallization resulted in large colorless blocks coated in dark oil. The crystals were 
extracted and washed with a mixture of hexanes and DCM (80:20), and isolated in 13% 
yield based on Cu (0.0408g). Large colorless crystals suitable for single-crystal X-ray 
diffraction were then grown at -35°C. UV-vis (THF) (λmax, nm (, M-1 cm-1)) 212 sh, 
(39850), 244, (10700). 1H-NMR (δ, ppm, {d2-DCM}): 3.63 (s, 24H, C12H24O6), 7.18 (t, 
12H, Hb, J = 7.6 Hz), 7.26 (t, 6H, Hc, J = 7.6 Hz), 7.88 (d, 12H, Ha, J = 7.6 Hz). 19F-NMR 
(δ, ppm, {(d2-DCM}): -75.49 (s, -OC(C6H5)(CF3)). Anal. Calcd. for 
{{K(18C6)}K2[Cu(OC(C6H5)(CF3)2]3}; K3C66H54O12F36Cu3: C, 39.03; H, 2.68; 33.68. 
Found: C, 39.05; H, 2.45; F, 33.48. 
{K(18C6)}[Cu(OC(C6H4)(CF3)2)2] (5): A solution of KOC(C6H5)(CF3)2 (0.7688 g, 2.72 
mmol) was added to an orange-brown slurry of CuBr2 (0.2011 g, 0.900 mmol) in THF. 
The reaction mixture turned cloudy brown-green and was left stirring at RT overnight. 
The cloudy brown-green solution was filtered through Celite to remove presumed KBr. A 
solution of 18C6 (0.2380 g, 0.9011 mmol) in THF was added and the resultant green-
brown solution was stirred for three hours, filtered to remove more residual KBr, and 
THF was removed in vacuo. The resulting green-brown oil was triturated three times with 
Et2O. Et2O was used to dissolve the green oil, which was decanted, and resultant yellow 
powders were recrystallized from THF and Et2O. Recrystallization resulted in large 
yellow plates, which were isolated in 10% yield based on Cu (0.0512 g). Large yellow 
crystals suitable for single-crystal X-ray diffraction were then grown at -35°C. UV-vis 
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(THF) (λmax, nm (, M-1 cm-1)) 212 sh (24350), 249 (2523), 385 (251). 1H-NMR (δ, 
ppm, {(d8-THF}): 3.53 (s, 24H, C12H24O6), 6.87 (dd, 2H, Hc’, 4Jc’ = 7.3 Hz, 3Jc’ = 14.6 
Hz), 6.96 (dd, 2H, Hb’, 4Jb’ = 7.3 Hz, 3Jb’ = 14.6 Hz), 7.04 (dd, 2H, Hd, 4Jd’ = 1.4, 3Jd’ = 
7.3), 7.44 (br d, 2H, Ha’, J = 8.0 Hz). 1H-NMR resonances were assigned according to 
results of a 1H1H-COSY spectrum (Figure 2.2). 13C-NMR (δ, ppm, {(d8-THF}): 71.09 (s, 
C12H24O6), 124.06 (s, OC(meta-C6H4)(CF3)2), 125.68 (s, OC(para-C6H4)(CF3)2), 127.70 
(s, OC(meta-C6H4)(CF3)2),  133.05 (s, OC(ortho-C6H4)(CF3)2),  154.49(s, OC(ipso-
C6H4)(CF3)2), 176.00 (s, OC(ortho metalated-C6H4)(CF3)2). 13C-NMR were assigned 
according to results of a 1H13C-HSQC spectrum (Figure 2.3). 19F-NMR (δ, ppm, {(d8-
THF}): -75.76 (s, -OC(C6H5)(CF3)). Anal. Calcd. for 
{{K(18C6)}[Cu(OC(C6H4)(CF3)2)2]}; KC30H32O8F12Cu: C, 42.32; H, 3.79; F, 26.78. 
Found C, 42.53; H, 3.98; F, 26.53. 
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Figure 2.2. Phenyl region of the 1H-1H COSY spectrum of 5. 1H-NMR chemical shifts 
occupy both the horizontal and vertical axes. 
 
  
58 
 
Figure 2.3. Phenyl region of the 1H-13C HSQC spectrum of 5. 1H-NMR chemical shifts 
occupy the horizontal axis and 13C-NMR resonances occupy the vertical axis. 
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2.3. Results and Discussion 
 2.3.1. Synthesis and Characterization of a CuII Alkoxide Complex 
 
The preparation of 1 and 2 was straightforward, but that of the 
[Cu(OC(C6H5)(CF3)2)3]- anion proved more challenging. Following similar synthetic 
procedures to afford [Cu(ORF)3]-, recrystallization of the proposed 
{K(18C6)}[Cu(OC(C6H5)(CF3)2)3] yielded a mixture of colorless blocks and yellow 
plates, coated in dark oil, which were subsequently characterized (vide infra). The best 
yield (3% based on Cu) of K[Cu(OC(C6H5)(CF3)2)3], 3, was obtained as green-yellow 
plates using a deficiency of alkoxide and no 18C6.   
Single-crystal X-ray diffraction studies of 3 revealed another CuII center in a 
distorted trigonal planar geometry bound to three monodentate OC(C6H5)(CF3)2 ligands 
(Figure 2.4). Data collection parameters are provided in Table 2.1 and intramolecular 
metrical parameters for all crystallographic characterizations are provided in Table 2.2. 
The average Cu-O bond distance is 1.865(1) Å, which is slightly longer than that of 2. In 
the absence of 18C6, there are two KOalkoxide interactions and three KF interactions to 
two alkoxides in the asymmetric unit. The CuO3 core is again nearly perfectly planar, as 
the Cu center is displaced by 0.027 Å from the O(1), O(2), and O(3) plane.  The average 
O-Cu-O angle is 126.64(8)°, slightly larger than the ideal trigonal planar geometry. 
Compound 3, like 2, has both wide O(3)-Cu(1)-O(1) (155.29°) and narrow O(1)-Cu(1)-
O(2) (90.70°) angles, which are more distorted than those in 2, due to the absence of 
18C6 and the resulting closer KO interactions.  
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Figure 2.4. ORTEP diagram of 3 showing KF and KO interactions. Hydrogen atoms 
omitted for clarity. Ellipsoids are shown at the 50% probability level. Selected bond 
lengths [Å] and angles [°]: Cu(1)-O(1) 1.8519(17), Cu(1)-O(2) 1.8972(17), Cu(1)-O(3) 
1.8473(17), O(1)-Cu(1)-O(2) 90.69(7), O(2)-Cu(1)-O(3) 113.95(8), O(3)-Cu(1)-O(1) 
155.28(8). 
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Table 2.1. Summary of X-ray crystallographic data collection parameters 
for complexes 3-5. 
Complex # 3 4 5 
Formula C27H15CuF18KO3 C44H36Cu2F24K2O8 C30H32CuF12KO8 
Formula 
Weight 
832.03 1354.01 851.20 
Temp (K) 173(2) 150(2) 100 
Crystal 
System 
Monoclinic Monoclinic Monoclinic 
a (Å) 11.9365(6) 25.3378(15) 8.6969(2) 
b (Å) 22.8275(15) 15.1435(9) 19.4441(3) 
c (Å) 22.8784(11) 23.1089(13) 10.5153(2) 
 (°) 90 90 90 
(°) 103.971(2) 118.6050(10) 105.309(1) 
 (°) 90 90 90 
V (Å3) 6049.5(6) 7784.7(8) 1715.08(6) 
Z 8 6 2 
ρ, calc. 
(g/cm3) 
1.827 1.733 - 
(MoK) 
(mm-1) 
1.002 1.116 3.03 (CuK) 
Collected 41886 69978 33125 
Independent 6234 7141 3005 
R(int) 0.0241 0.0340 0.038 
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Complex # 3 4 5 
R(F), %a 3.47 3.11 2.80 
R(ωF2), %b 6.54 5.99 7.20 
aR=Σ||Fo|-|Fc||/Σ|Fo|  bR(wF2)={Σ[w(Fo2-Fc2)2]/Σ[w(Fo2)2]}1/2;  
bw=1/[ss(Fo2)+(aP)2+bP], P=[2Fc2+max(Fo,0)]/3 
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Table 2.2. Selected distances (Ǻ) and angles (°) for complexes 3-5.  
Complex #  Distance (Ǻ)  Angle (°) 
3 Cu(1)-O(3) 1.8336(11) O(3)-Cu(1)-O(1) 154.24(5) 
 Cu(1)-O(1) 
 
1.8429(11) 
2 
O(3)-Cu(1)-O(2) 
 
114.93(5) 
 
 Cu(1)-O(2) 
 
1.8850(11) 
 
O(1)-Cu(1)-O(2) 
 
90.73(5) 
 K(1)-O(1) 
 
2.6852(11) 
 
  
 K(1)-O(2) 
 
2.9187(11)   
 K(1)-F(3) 
 
3.1484(15) 
 
  
 K(1)-F(5) 
 
3.0645(13) 
 
  
 K(1)-F(11) 
 
2.8687(14) 
 
  
 K(1)-F(3) 
 
3.1484(15) 
 
  
 K(2)-O(3) 
 
2.7021(11) 
 
  
 K(2)-F(9) 
 
2.7145(10) 
 
  
 K(2)-F(16) 
 
2.8212(11) 
 
  
 K(2)-F(14) 
 
2.9463(11) 
 
  
 O(1)-C(2) 
 
1.3821(19) 
 
  
 O(2)-C(11) 
 
1.374(2) 
 
  
 O(3)-C(20) 1.3869(19)   
     
4 Cu(1)-O(1) 1.8312(12) O(1)-Cu(1)-O(2) 173.22(5) 
 Cu(1)-O(2) 
 
1.8373(12)  O(3)-Cu(2)-O(3) 171.09(8) 
 
 Cu(2)-O(3) 
 
1.8366(12) 
 
  
 K(1)-O(1 2.6623(13)   
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Complex #  Distance (Ǻ)  Angle (°) 
4 K(1)-O(2) 
 
2.6699(13) 
 
  
 K(1)-O(3) 
 
2.6283(13) 
 
  
 K(1)-F(21) 
 
2.7709(11) 
 
  
 K(1)-F(23) 
 
3.1487(13) 
 
  
 K(1)-F(26) 
 
2.8487(12) 
 
  
 K(1)-F(28) 
 
2.9280(13) 
 
  
 K(1)-F(35) 
 
3.0687(12) 
 
  
 K(1)-F(36) 
 
3.0809(12) 
 
  
 C(10)-O(2) 
 
1.370(2) 
 
  
 C(19)-O(3) 
 
1.372(2)   
     
5 Cu(1)-O(1) 
 
1.8173(12) 
 
O(1)-Cu(1)-C(1) 
 
86.59(6) 
 
 Cu(1)-C(1) 
 
1.9314(17) 
 
O(1_i)-Cu(1)-
C(1) 
 
93.41(6) 
 
 K(1)-O(2) 
 
2.7412(12) 
 
O(1)-Cu(1)-
O(1_i) 
180.0 
 K(1)-O(3) 
 
2.7734(12) 
 
  
 K(1)-O(4) 
 
2.8324(12) 
 
  
 C(7)-O(1) 
 
1.392(2) 
 
  
 C(12)-O(3) 
 
1.425(2) 
 
  
 C(10)-O(2) 
 
1.421(2) 
 
  
 C(13)-O(4) 
 
1.424(2) 
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2.3.2. Synthesis and Characterization of a CuI Alkoxide Complex 
When 18C6 is included in the synthesis from Scheme 2.3, mostly colorless 
crystals are obtained in the presence of some yellow plates. X-ray quality colorless 
crystals were separated and regrown in DCM and hexanes at -35°C, yielding a unique CuI 
trimer, {K(18C6)}[K2{Cu(OC(C6H5)(CF3)2)2}3] (4), indicating CuII was reduced to CuI 
(see Section 2.3.4). Three linear [Cu(OC(C6H5)(CF3)2)2]- anions are aligned 
approximately parallel to one another and the ends of this unit are capped by two K+ 
cations, giving an overall monoanionic charge and approximate C3 symmetry that is 
balanced by one uncoordinated {K(18C6)}+ cation.  The anion 
[K2{Cu(OC(C6H5)(CF3)2)2}3]- is shown in Figure 2.5 and a drawing of the anionic 
molecular structure is shown in Scheme 2.5. Compound 4 is diamagnetic, and the average 
Cu-O bond distance is 1.835(1) Å. Each of the two K cations not encapsulated by 18C6 
has six KF and three KO interactions to three different alkoxide ligands. The K atom 
encapsulated by 18C6 has no KF or KO interactions with the anion. The two unique 
O-Cu-O angles are nearly linear: O(1)-Cu(1)-O(2) at 173.21(6)°, and O(3)-Cu(3)-O(3_i) 
at 171.09(6)°. The highest yield of 4 (13% based on Cu) has been obtained using the 
Complex #  Distance (Ǻ)  Angle (°) 
5 C(11)-O(3) 
 
1.422(2) 
 
  
 C(14)-O(4) 
 
1.424(2) 
 
  
 C(15)-O(2) 1.420(2) 
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synthetic method shown in Scheme 2.3 with one third of an equivalent of 18C6 on the 
basis of the ratio of 18C6 to K+ provided by the crystal structure. 
 
Figure 2.5. ORTEP diagram of anion of 4 with extensive KF and KO interactions. 
Only K(1)F interactions labeled for clarity. {K(18C6)}+ cation and hydrogen atoms 
omitted for clarity. Ellipsoids are shown at the 50% probability level. 
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Scheme 2.5. Molecular structure of the anion of 4, [K2{Cu(OC(C6H5)(CF3)2)2}3]-. 
{K(18C6} cation omitted for clarity. 
 
CuI derivatives with no 18C6, K[Cu(OC(C6H5)(CF3)2)2], and one equivalent of 
18C6 per K+, {K(18C6)}[Cu(OC(C6H5)(CF3)2)2], have been independently synthesized 
from mesityl-Cu and hexafluoro--cumyl alkoxide.66 The independent preparation of 4 
from such sources with a third of equivalent of 18C6 per K+ has not been achieved, 
probably due to very similar solubilities of 4 and the related species with different ratios 
of 18C6 to K+. 
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The solution electrical conductivity of 4 was measured in THF to determine its 
degree of electrolyte behavior. The CuI trimer was compared to a 1:1 electrolyte, 
TBAPF6, and the previously reported 2:1 electrolyte {K(18C6)}2[Cu(OC6F5)4]173 (Figure 
2.6). Compound 4 has a conductivity most similar to that of the 2:1 electrolyte, indicating 
only partial dissociation of the three K+ ions in THF solution, due to the extensive KF 
and KO interactions that maintain the CuI trimer in solution to a degree. 
 
Figure 2.6. Onsager plot of TBAPF6 (red squares), {K(18C6)}2[Cu(OC6F5)4] (blue 
triangles), and 4 (green diamonds). 
2.3.3. Synthesis and Characterization of a CuIII Alkoxide Complex 
Following the synthetic procedure of Scheme 2.3 again, but only using THF and 
no DCM, recrystallization produces only yellow crystals (10%) of the robust 
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organocuprate CuIII species, {K(18C6)}[Cu(OC(C6H4)(CF3)2)2] (5) but not the CuI 
species 4, indicating CuII was oxidized to CuIII (see Section 2.3.5). The anion of 5 is 
shown in Figure 2.7, clearly showing ortho metalation of the two phenyl rings and two 
new trans Cu-C bonds with an average length of 1.9314(17) Å. A drawing of the anionic 
molecular structure is shown in Scheme 2.6. Compound 5 is stable at room temperature 
as a solid and in THF solution in the dark, but photosensitive in THF solution in the 
presence of light (see section 2.3.5 for analysis and discussion of photosensitivity). The 
fluorinated ligand character and two chelate rings both enhance stability, and the CuIII 
atom sits on an inversion center of this square-planar d8 species.  There are no KO or 
KF interactions to the anion, as the encapsulating agent 18C6 is closest to a phenyl ring 
on the alkoxide, similar to the case for 4. 
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Figure 2.7. ORTEP diagram of anion of 5. {K(18C6)}+ cation and hydrogen atoms 
omitted for clarity. Ellipsoids are shown at the 50% probability level.  Selected bond 
lengths [Å] and angles [°]: Cu(1)-C(1) 1.9314(17), Cu(1)-O(1) 1.8173(12), O(1)-Cu(1)-
O(1_i) 180.00, C(1)-Cu(1)-C(1_i) 180.00. 
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Scheme 2.6. Molecular structure of the anion of 5, [Cu(OC(C6H4)(CF3)2)2]-. {K(18C6)}+ 
cation omitted for clarity. 
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A search of the CSD174 for the motif in Scheme 2.7 was performed, which 
included a four-coordinate metal bound in the “bow-tie” geometry. This search revealed 
eleven structures, four of which had two coordinate oxygen atoms in the five membered 
chelate ring surrounding the metal center. Those structures are listed below in Table 2.3, 
and all include p-block elements and no d-block transition metals. 
 
Scheme 2.7. Motif used in CSD search. 
  
M OO
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Table 2.3. List of search results from CSD. 
CSD Code Compound 
M-O 
Distance (Å) 
M-C 
Distance (Å) 
Reference 
KUWXEF [NEt4][Sb(OC(C6H4)(CF3)2)2] 
2.133 
2.139 
2.133 
2.162 
175 
YAHYEL [NEt4][Bi(OC(C6H4)(CF3)2)2] 
2.273 
2.306 
2.237 
2.249 
176 
YAHYEL10 [NEt4][Bi(OC(C6H4)(CF3)2)2] 
2.273 
2.306 
2.237 
2.249 
177 
SIRVIY [Ge(OC(C6H4)(CF3)2)2] 
1.780 
1.791 
1.896 
1.900 
178 
- 5 1.8173 1.9314 This work 
 
The previous work with hexafluoro--cumyl alkoxide was undertaken to stabilize 
trigonal bipyramidal geometries,179 and complexes with the same dianionic, four-
membered chelate ring as in 5 were structurally characterized180 with M = GeIV,178 
SbIII,175,181 and BiIII.176,177 Hexafluoro--cumyl alcohol was doubly deprotonated by 
directed dilithiation and added to the p-block halides.182,183 The M-C bond distances are 
generally longer than those of 5, namely 2.133 and 2.162 Å in 
[NEt4][Sb(OC(C6H4)(CF3)2)2]175 and 2.249 and 2.237 Å in 
[NEt4][Bi(OC(C6H4)(CF3)2)2].176,177 The only structure with similar M-C bonds to those 
of 5 is [Ge(OC(C6H4)(CF3)2)2],178 with Ge-C distances of 1.896 and 1.900 Å. In other p-
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block structures with this geometry, lone pairs on the central atoms usually promote a 
trigonal bipyramidal structure, rather than square pyramidal. Other structures that have 
not been structurally characterized include S and Se derivatives.184 Similar work has been 
done with other p-block elements, such as P182 and As,183 with trigonal bipyramidal 
structures formed by addition of a nucleophile.182 Anionic siliconates have also formed 
similarly.178,185,186 To the best of our knowledge, 5 is the first transition metal compound 
of this dianionic ligand.  
2.3.4. NMR Spectroscopy Studies 
1H-NMR spectroscopy reveals distinct resonances for both new diamagnetic 
compounds, 4 in d2-DCM and 5 in d8-THF, displayed in Scheme 2.8. The CuI species 4 is 
robust in all aprotic solvents in the absence of O2. In contrast, CuIII 5 is sensitive to 
radical species, including peroxide inhibitors in THF and the Cl liberating CH2Cl2 and 
CHCl3, and poor yields of this compound are obtained with DCM as a reaction medium 
or recrystallization solvent (vide infra). When the reaction solvent is only THF, path a) in 
Scheme 2.9, the 1H-NMR (Figure 2.8) and 13C-NMR spectra of triply recrystallized 
product displayed predominantly the resonances for the organocuprate CuIII species 5, 
including a characteristic149 13C signal for the new, ortho metalated Cu-C bond. When 
DCM was present, path b) in Scheme 2.9, the 1H-NMR spectra of triply recrystallized 
material displayed predominantly 4 and a minor amount of 5 (Figure 2.9). A similar 
phenomenon is seen in the 19F-NMR spectra (Figure 2.10), in which only 5 is observed in 
the absence of DCM, but having used DCM in the synthesis, a resonance for 4 at -75.49 
ppm and a minor resonance at -75.76 ppm for 5 are observed. 
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Scheme 2.8. Proton resonances of 4 (in d2-DCM) and 5 (in d8-THF) measured in ppm. 
 
Scheme 2.9. Summarized formation of 5 in THF or 4 and 5 in THF/DCM from the same 
starting materials. 
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{K(18C6)}[Cu(III){OC(C6H4)(CF3)2}2], 5
{K(18C6)}[K2[Cu(I){OC(C6H5)(CF3)2}2]3], 4
+
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b)
Cu
O
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Figure 2.8. Phenyl region of the 1H-NMR spectrum of 5 in d8-THF. 
 
Figure 2.9. Phenyl region of the 1H-NMR spectrum of 4 in d2-DCM. 
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Figure 2.10. 19F-NMR spectrum in d8-THF of isolated product of synthetic procedure 
undertaken to obtain 5 (top). 19F-NMR spectrum in d2-DCM of isolated product of 
synthetic procedure undertaken to obtain 4 and 5 (bottom). 
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The observation of CuI and CuIII complexes implies disproportionation from a 
CuII source,187 but NMR data indicate that the two product oxidation states are not 
formed simultaneously. CuIII 5 is formed first and CuI 4 is only observed upon loss of 5 
with excess DCM, indicating no disproportion is taking place. 1H-NMR spectra of crude 
products in d8-THF show primarily 5, with evidence for paramagnetic CuII species in 
several broad resonances (Figure 2.11). When the reaction mixture is dissolved in d2-
DCM, only weak resonances for 5 are observed between  6.9 and 7.1 ppm (Figure 
2.12.A), with the majority component having resonance at  7.25 ppm and 7.83 ppm. 
When the crude product is stirred in DCM in the dark for one hour (Figure 2.12.B) or ten 
hours (Figure 2.12.C), these resonances are maintained. When stirring is carried out in 
DCM in the light for ten hours, the remaining resonances for 5 are diminished, and the 
other diamagnetic product is unchanged (Figure 2.12.D). These resonances are only 
similar to those of 4 with one 18C6 per three K+ ions but match the related monomeric 
CuI species {K(18C6)}[Cu(OC(C6H5)(CF3)2)2], prepared with a full equivalent of 18C6 
per K+ ion.66 It is therefore proposed that excess DCM acts as a source of H to generate 
CuI from CuIII with two instances of Cu-C cleavage, two-electron Cu reduction, and 
regeneration of the C6H5 group. Testing this hypothesis by adding two equivalents of d2-
DCM to 5 in d8-THF revealed no changes in the 1H-NMR spectrum after twenty-four 
hours, suggesting a small equilibrium constant for any H atom abstraction. 
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Figure 2.11. Phenyl region of 1H-NMR spectrum in d8-THF of crude product of synthetic 
reaction undertaken to obtain 5 (bottom) displaying similarities to the 1H-NMR spectrum 
of 5 (top).  
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Figure 2.12.A. Phenyl region of 1H-NMR spectrum in d2-DCM of crude product of 
synthetic reaction undertaken to obtain 4. B. Phenyl region of 1H-NMR spectrum in d2-
DCM of crude product of synthetic reaction undertaken to obtain 4 after stirring in a 
solution of DCM for one hour in the dark. C. Phenyl region of 1H-NMR spectrum in d2-
DCM of crude product of synthetic reaction undertaken to obtain 4 after stirring in a 
solution of DCM for ten hours in the dark. D. Phenyl region of 1H-NMR spectrum in d2-
DCM of crude product of synthetic reaction undertaken to obtain 4 after stirring in a 
solution of DCM for ten hours in the light.  
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2.3.5. Mechanistic Proposal 
A mechanism for formation of CuIII 5 is proposed in Scheme 2.10. If a CuII tris-
alkoxide is generated in solution, then intramolecular single electron transfer (SET) from 
bound-O of the ligand to Cu can create a transient CuI alkoxy radical compound. Such 
species have been proposed to be subject to nucleophilic attack and reoxidation in the 
presence of O2.2 The standard reduction potential of an alkoxy radical (OR) to an 
alkoxide (-OR) can vary from 0.90-1.70 V depending on R substituents.188,189 For 
example, OC6H5 to -OC6H5 has a standard reduction potential of 0.93 V, while 
OC(CH3)3 to -OC(CH3)3 has a standard reduction potential of 1.70 V,188 indicating uphill 
and unfavorable processes for generation of the alkoxy radicals. When directly compared 
to the much more mild standard reduction potential of CuII to CuI of 0.16 V, it would 
seem that the SET from bound-O on an alkoxide is not favorable. However, CuI-alkoxide 
compounds are stable,66,130 and LMCT from bound-O to CuII to generate CuI may have a 
long enough lifetime in an excited state. 
Diamagnetic CuI alkoxy compounds generated from CuII by SET from bound-O 
have been identified by NMR as intermediates in biomimetic studies using a N2O2 donor 
ligand systems bearing O-phenolate sidearms for coordination to a Cu center.190,191 The 
generation of CuI from CuII by SET from a bound-O results in the increase of the Cu-N/O 
bond lengths, as calculated by DFT (0.1843 average increase for Cu-O, 0.0798 average 
increase for Cu-N).190 This effect provides less steric hindrance at the Cu center.190  
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It is proposed that, in this circumstance, the transient CuI species is more reactive 
than the alkoxides, resulting in oxidative addition of the adjacent ortho-C-H bond.  Such 
a mechanism makes the cumyl alkoxide a directing group for the ortho metalation 
process. Although such intermediates have frequently been proposed,192 they have rarely 
been trapped. Oxidative addition of an ortho-C-H bond to CuI creates an anionic five-
coordinate CuIII hydride species. Loss of H+ and alkoxide in solution as the alcohol, 
HOC(C6H5)(CF3)2, regenerates a CuII center. A second iteration of this process would 
require intermolecular alcohol loss. A comparison of redox potentials between CuII and 
CuIII compounds bearing a wide array of N-donor or mixed N,O-donor ligands with 
amide of oxime functionalities has shown that negatively charged ligand donor groups 
afford low potentials for CuII/III couples and the stabilization of CuIII species.193 In the 
case of 5, there are four anionic ligands and a chelate effect that stabilize CuIII. Further 
evidence for this mechanism includes (i) the absence of intramolecular oxidative addition 
by the ground-state CuI [Cu(OC(C6H5)(CF3)2)2]- anion66 and (ii) low basicity (and 
nucleophilicity) of fluorinated alkoxides in general.194 No observation of 
HOC(C6H5)(CF3)2 in crude 1H-NMR product mixtures was made, but overlap of the OH 
signal (at  3.6 ppm in d2-DCM) with the 18C6 signal(s) near  3.5-3.6 ppm is possible.  
The introduction of large excess of DCM, a known H source,195 into the reaction mixture 
generates the CuI bis-alkoxide species, which is stabilized as the trimer 4 due to the 
extensive KF and KO interactions. 
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Scheme 2.10. Proposed ortho metalation mechanism. 
 
Solution studies also suggest that 5 is susceptible to decomposition in solution in 
the presence of radicals. UV-vis spectroscopy shows that, in THF, 5 has features at 212 
and 249 nm ( = 2523 M-1 cm-1), and one visible feature at 385 nm ( = 251 M-1 cm-1). 
When 5 was exposed to light for 10 minutes, the visible transition diminished, and 
broadening was observed in the UV region (Figure 2.13). Furthermore, 5 has a maximum 
lifetime of one day as a solid on exposure to air (maximum of one day) and an even 
shorter lifetime in aerated solutions, with a half-life of approximately ten minutes. 
Complex 5, however, is not soluble in H2O and does not show any signs of green-brown 
CuII over one week (Figure 2.14). When d8-THF was added, the complex dissolved to 
form a yellow solution but is remarkably robust over one day. This stability to H+ for a d8 
CuIII species is reminiscent of the air stability of ortho metalated d8 PtII 196 and AuIII 197 
species with, for example, phenylpyridine.   
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Figure 2.16. UV-vis spectrum of 0.458 mM dark THF solution of 5 (blue trace), and of 
0.458 mM THF solution of 5 after being exposed to light for ten min (red trace).  
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Figure 2.14. Phenyl region of the 1H-NMR spectrum of 5 after exposure to H2O for one 
week, directly after dissolving in d8-THF (bottom). Phenyl region of the 1H-NMR 
spectrum of 5 after exposure to H2O for one week, 24 h after dissolving in d8-THF (top).   
In evaluating the mechanism proposed in Scheme 2.8, it is also particularly 
informative to examine the shortest Cu(1)H distances in 2 and 3, shown in Scheme 
2.11. The average Cu(1)Hmethyl distance in 2 of the closest six hydrogen atoms on the 
three methyl substituents is 2.9880(3) Å. The two shortest distances are 2.8262(3) Å for 
Cu(1)H(20A), and 2.8679(3) Å for Cu(1)H(20C), both from the Cu to the Me 
substituent of the O(8) alkoxide involved in the interaction with 18C6. The average 
Cu(1)Hortho distance in 3 is 2.6940(2) Å. The shortest distance of Cu(1)H(27), 
however, is much shorter than the other two at 2.4905(2) Å. This shortest distance from 
Cu(1) to the Hortho on the O(3) alkoxide ligand shows the strong potential for oxidative 
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addition. Although the hydrogen atoms were not located in the difference map and were 
placed in calculated positions, the Cu(1)C(27) distance of 2.940 Å in 3 agrees with the 
evaluation of the placement of hydrogen atoms, as the Cu(1)C(27) is clearly the 
shortest Cu-carbon distance in either 2 or 3. It would be particularly interesting to 
compare 5, with the still unknown CuII tris-alkoxide {K(18C6)}[Cu(OC(C6H5)(CF3)2)3] 
to see how the CH distances change upon diminished K+ interactions with alkoxides. 
 
Scheme 2.11. a) Closest Cu(1)Hmethyl distances for 2. b) Closest Cu(1)Hortho distance 
for 3. 
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2.4. Summary and Conclusions 
Our unique organocuprate CuIII species, 5, contains two trans ortho metalated 
phenyl rings and is stable at RT in the solid state and in dark THF solution. This 
compound does not react with H2O in the absence of O2 over several hours, though it 
does react in minutes in solution in air. To the best of our knowledge, this is the first 
stable organometallic CuIII structure with O-donor ligands, instead of the commonly used 
N-donor ligands. The relative stability of 5 to reductive elimination is likely due to the 
two chelate rings with trans-disposed Cu-C bonds. The formation of this compound from 
CuII starting materials suggests that other, less stable and more reactive CuIII species may 
also be present in the {Cu(OR)2} systems for potential use in oxidative addition and 
reductive elimination chemistry. The search for similar Cu-alkoxide species that can 
activate external C-H bonds is discussed in Chapter 3. 
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CHAPTER 3. On the Way to a Trisanionic {Cu3O2} Core for Oxidase Catalysis: 
Evidence of an Asymmetric Trinuclear Precursor Stabilized by Perfluoropinacolate 
Ligands 
3.1. Introduction 
CuI complexes have been studied for the reduction of O2 for nearly three 
decades.25,28,198 The reactivity of CuI with O2 and the oxidative properties of the resulting 
{Cun-O2} species have been and continue to be of significant interest due to their 
importance in understanding both enzymes,18,199,200 and (bio)inorganic models of 
enzymes.21,27,43,45,201-205 This work has resulted in extensive synthetic and spectroscopic 
characterization of mononuclear,31,32,206 {CuO2}, and dinuclear,39,207,208 {Cu2O2}, systems 
with various N-donor ligands (Scheme 3.1) inspired by protein side chains in enzymatic 
systems. Most recently, the {CuII(2-O)CuII} moiety has also been investigated as the 
proposed reactive motif in zeolite oxidation with O-donor ligands.209-211 However, fewer 
studies exist with trinuclear {Cu3O2} cores, even though Cu-containing enzymes such as 
ascorbate oxidase, laccase, and ceruloplasmin contain a trinuclear Cu active site.17,18,27 In 
this Chapter, I report the synthesis of CuI precursors with a bidentate, fluorinated, O-
donor ligand that reduces O2 to form a {Cu3O2} core that has been characterized by a 
wide array of techniques including cryo-MS, EPR, and stopped-flow spectroscopy. Of 
particular interest are comparisons with N-donor systems of relative rates of formation of 
the intermediates, and the types of chemistry that they do, e.g. hydrogen atom transfer 
(HAT) or proton-coupled electron transfer (PCET). The {Cu3O2} core shows similarities 
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to other {Cu3O2} cores in the literature, but differs in reactivity such that catalytic, not 
stoichiometric, oxidation of substrates is observed.   
 
Scheme 3.1. Characterized {CunOm} cores.  
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The first model bis(3-oxo) trinuclear Cu core by Stack and co-workers,60 was 
formed by oxygenation of [CuI(TMCD)]+ at -80°C, (TMCD is N,N,N’,N’-tetramethyl-
(1R,2R)-cyclohexanediamine) (Scheme 3.2), resulting in a 3:1 Cu:O2 stoichiometry. The 
trimeric {Cu3O2} product, TTMCD, was characterized by X-ray crystallography, 
displaying two crystallographically independent [Cu3(-O)2(TMCD)3]3+ cations. 
Magnetic circular dichroism (MCD), magnetic susceptibility,61 and electron paramagnetic 
resonance (EPR) data212 supported a mixed-valent CuII,II,III composition with an S = 1 
triplet ground state. 
 
Scheme 3.2. N-donor ligands that stabilize neutral (n=0) and cationic (n=1) {Cu3(3-
O)2}n+ cores. 
The simplest peralkylated diamine ligand, N,N,N’,N’-tetramethylethylenediamine 
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oxygenation at [CuI] concentrations less than 2 mM to form a {CuIII2(2-O)2} species, 
OTMED. At [CuI] concentrations higher than 2 mM, however, the trinuclear {CuII2CuIII(3-
O)2} species, TTMED, was dominant due to excess Cu in solution and limited ligand steric 
demands. The species TTMED was spectroscopically similar to TTMCD. A third trimeric 
core using another peralkylated diamine ligand, N,N’-diethyl-N,N’-
dimethylethylenediamine (MEED), TMEED, was also shown to have a similar EPR 
spectrum to that of TTMCD.212 The TMCD, TMED and MEED peralkylated diamine 
ligands that support {Cu3O2}3+ cores are shown in Scheme 3.2. 
Most recently, this ligand system was changed to contain neutral, bidentate, 
alkylated histamine-amine donors in N,N,N-trimethyl-histamine (LMe3), N,N-
dimethyl-histamine (LMe2), and N-n-butyl-histamine (LnBu),65 also shown in Scheme 3.2. 
CuI complexes of these ligands react with O2 to give {Cu3O2}3+ cores, TLMe3, TLMe2, and 
TLnBu. The trimeric species were extensively characterized by spectrophotometric 
titrations, K-edge X-ray Absorption Spectroscopy (XAS), and high-resolution mass 
spectrometry.65 
A {CuII2CuIII(3-O)2} core has also been formed from oxygenation of 
[CuI(HPy1Me,Me)]+, in which HPy1Me,Me is N,N-dimethyl-2-(2-pyridyl)ethylamine, also 
shown in Scheme 3.2.63 The trimeric species THPy1MeMe was demonstrated by manometry 
to have a Cu:O2 ratio of 3:1. 
The aforementioned seven bis(3-oxo) trinuclear Cu complexes, TTMCD, TTMED, 
TMEED, TLMe3, TLMe2, TLnBu, and THPy1MeMe, all contain neutral bidentate N-donor ligands, 
and are overall tricationic species of the form {L3Cu3(3-O)2}3+. A CuI complex of 
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monoanionic, bidentate -diketiminate (-DKT, Scheme 3.2), [Cu(-DKT)]0,64 reacts 
with O2 to give an overall neutral trimeric species of the form {Cu3(3-O)2}0, T-DKT. 
This transient species was spectroscopically characterized by UV-vis, EPR, ESI-MS, and 
a spectrophotometric titration. 
In biological systems, all CuI/O2 systems have some number of N-donor ligands. 
However, the biological milieu also allows for extensive hydrogen bonding interactions 
that may tune the properties of any given N-donor. In comparison, Cu in an all O-donor 
environment has also been shown to reduce O2 in the zeolite Cu-ZSM-5, which mediates 
the selective oxidation of methane to methanol.210 The Cu center incorporates a mono-
2`-oxo dicopper(II) core active site.214,215 Recent literature has speculated that an 
analogous {Cu2(2-O)} site could be the active species in the hydroxylation of methane 
to methanol by particulate methane-monooxygenase (pMMO),210,216 and such sites have 
become the target of model complexes.  
The Doerrer Group has prepared all O-donor ligand complexes of the late 3d 
transition metals with FeII,125,129 FeIII,125 CoII,126,129 NiII,128 and CuII 126,127,129 with 
monodentate perfluorinated aryloxide and alkoxide ligands, in part to assess the potential 
distinction of reactivity of complexes ligated to all N- and O-donors. The oxygen-
donating, fluorinated ligands are medium-field ligands, similar to OH- or F-, as 
demonstrated by UV-vis spectroscopy125-129 and DFT calculations.125 Extensive ligand 
fluorination reduces the -donor character of the O-atom and potential ligand bridging in 
metal complexes. Less  electron donation to the metal center can stabilize unusual high-
oxidation states, as realized by the room-temperature stable CuIII complex, 
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{K(18C6)}[Cu(OC(C6H4)(CF3)2)2],165  5, described in Chapter 2, or stabilize unusual spin 
states such as high-spin square-planar CoII and FeII.217  
Reduced homoleptic CuI complexes of the form K[Cu(ORF)2], with a fully 
fluorinated ligand, (OC4F9) (6) or partially fluorinated ligands (OC(C6H5)(CF3)2) (7) and 
(OC(CH3)(CF3)2) (8) (Scheme 3.3) have been prepared previously by the Doerrer Group 
and react readily with O2.66  
 
Scheme 3.3. Synthesis of CuI bis-alkoxide complexes 6-8.66 
 
Complexes 6-8 reduce O2 to form trianionic species of the form {(RFO)6Cu3(-O2)}3-, 
TOC4F9, TOCPhMeF2, and TOCMeMeF2 at [CuI] concentrations above 4 mM. These species 
were characterized by UV-vis spectroscopy and manometry, and were the first trimeric 
species with exclusively O-donor ligands and the first overall trianionic {Cu3(3-O)2} 
species.  Notably, extensive KO and KF interactions were observed in the solid state 
for these CuI fluorinated monodentate alkoxide complexes,66,165 which play an important 
Cu(mes) + HORF
KORF
K[Cu(ORF)2]
ORF =
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O
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CF3
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CF3
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O
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role in the Cu-O2 chemistry. When 18C6 encapsulated the K+ cation of 6-8, no reactivity 
with O2 was observed under conditions for which the unencapsulated K+ salts reacted 
quickly. Therefore KO and KF interactions facilitate the assembly of the {Cu3(3-
O)2} cores and reduction of O2. Several heteroleptic CuI phosphine complexes with 
bridging fluorinated alkoxide compounds have also been reported.130 
More recently, complexes with the bidentate ligand perfluoropinacolate (pinF)2- have 
been prepared for reactivity studies, including [M(pinF)2]2- with M = FeII,123,217 CoII,123,217 
NiII,123 CuII,123 and ZnII.123,217 This Chapter reports the synthesis, characterization, and 
reactivity of a series of anionic CuI complexes of the form A[(R3P)Cu(pinF)]. These CuI 
complexes with the (pinF)2- ligand react with O2 regardless of cation, A, or L-donor, PR3, 
to form the symmetric bis(3-oxo) trinuclear CuII,II,III complex, that we name SyTpinF, by 
way of an asymmetric trimeric core, AsTpinF. The reactive species SyTpinF joins the few 
published {Cu3(3-O)2} species described above, and is the first anionic trimer with O-
donor ligands that has been characterized by multiple techniques, including stopped-flow 
spectroscopy, and can be directly compared to cationic or neutral {Cu3O2} species with 
N-donor ligands in terms of spectroscopy, kinetics of formation, and reactivity. 
3.2. Experimental 
3.2.1. General Procedures 
Ligand and CuI complex syntheses were performed at RT in an Mbraun purified 
N2-filled drybox or by using standard Schlenk techniques under an atmosphere of N2. The 
anhydrous solvents diethyl ether (Et2O) and hexanes were purified with an Ar-filled 
Mbraun solvent purification system (SPS) equipped with dual columns of anhydrous 
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Al2O3. Anhydrous THF and toluene solvents were distilled under N2 from sodium 
benzophenone ketyl and degassed prior to use. All solvents were stored over molecular 
sieves in the drybox. The deuterated solvent (CD3)2CO used for NMR samples and the 
internal 19F standard, trichlorofluoromethane (CFCl3) were dried over CaH2 and stored 
over molecular sieves in the drybox. Celite was dried under vacuum while being heated 
to 125°C with an oil bath. The reagents triphenylphosphine (PPh3), 
tricyclohexylphosphine (PCy3), and 18C6 were obtained from commercial sources and 
recrystallized from hexanes. KH was obtained as a mineral oil dispersion (30 wt. %) and 
purified by washing with hexanes and drying under vacuum in the drybox. The 
fluorinated alcohol perfluoropinacol (H2O2C2(CF3)4, H2pinF) was obtained from Matrix 
Scientific or Oakwood Chemicals and was dried over sieves before being stored in the 
drybox. The starting material {Cu(mes)}n was synthesized by following a literature 
procedure.218 All other reagents were obtained from commercial sources and used 
without any further purification. 
3.2.2. Physical Methods 
NMR spectra were recorded on Varian 400 or 500 MHz spectrometers at RT. 
Chemical shifts (δ) for 1H and 13C{1H} NMR spectra were referenced to the resonance of 
residual protiosolvent (1H) or the 13C{1H} resonance of the solvent. Chemical shifts for 
19F NMR spectra were referenced to internal standard CFCl3. Cryospray-ionization mass 
spectrometry (CSI-MS) measurements were performed on a UHR-TOF Bruker Daltonik 
maXis plus (Bremen, Germany), an ESI-quadrupole time-of-flight (qTOF) mass 
spectrometer capable of resolution of at least 60.000 FWHM, which was coupled to a 
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Bruker Daltonik Cryospray unit. Detection was in the negative ion mode and the source 
voltage was 4.0 kV. The flow rates were 280 ml/hour. The drying gas (N2), to aid solvent 
removal, was held at -90°C, and the spray gas was held at -90°C. The machine was 
calibrated prior to every experiment via direct infusion of the Agilent ESI-TOF low 
concentration tuning mixture, which provided an m/z range of singly charged peaks up to 
28000 Da in the negative mode. EPR spectra were recorded with a MiniScope MS 400 
Magnettech by Freiberg Instruments X-band device (Aachen, Germany) in THF solvent. 
A microwave frequency counter (FC 400 by Magnettech) and resonator (Rectangular 
TE102) were used. Different experimental adjustments (magnetic field, sweep, sweep 
time, attenuation, number of data points, modulation) were tested, with 9.40 GHz 
frequency. The samples were measured at 77 K in Hirschmann capillaries with 50 L 
solution volume. Stopped-flow spectroscopy experiments were performed in THF solvent 
with a HI-TECH Scientific SF-61SX2 device with a diode array and photomultiplier 
detector (Aachen, Germany). The optical light path for transmission of the quartz glass 
cuvette was 10 mm. The mixing time is given by HITECH to amount to 2 ms. The fastest 
scan rate was 667 spectra per second in a wavelength range of 250 to 800 nm. The 
analyses were carried out with the TgK Scientific program Kinetic Studio 4.0.8.18533. 
Elemental analyses were performed by Atlantic Microlab Inc. (Norcross, GA, USA). 
3.2.3. X-ray Crystallography and Structure Determination 
Single-crystal X-ray diffraction data were collected on a Bruker APEX II CCD 
system using Mo K radiation in a nitrogen gas stream at 100(2) K using phi and omega 
scans at the Small Molecule X-ray Crystallographic Facility of UCSD (La Jolla, CA, 
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USA). Colorless crystals of KHpinF ligand and CuI complex K[(Ph3P)Cu(pinF)] (9) were 
mounted on a cryoloop with Paratone-N oil. Crystal-to-detector distance was 60 mm and 
exposure time was 10 seconds per frame using a scan width of 0.5°. Indexing and unit 
cell refinement indicated a primitive, monoclinic lattice with space group P2(1)/c for 
KHpinF and P2(1)/n for 9. Data for both compounds was corrected for absorption by the 
program SADABS. Solution by direct methods (SHELXS) and all non-hydrogen atoms 
were refined anisotropically by full-matrix least-squares (SHELXL-97). For KHpinF, 
hydrogen atom H2a was found from a Fourier difference map and was allowed to refine. 
For 9, all hydrogen atoms were placed in calculated positions and allowed to ride on their 
parent carbons. 
3.2.4. Computational Methods 
The geometries of the complex anions are fully optimized with density functional 
theory (DFT) using the Berny algorithm as implemented in Gaussian 09.219 The Gaussian 
09 calculations are performed with the nonlocal hybrid meta GGA TPSSh,220 and with 
the Ahlrichs type basis set def2-TZVP.221 As empirical dispersion correction, the D3 
dispersion with Becke–Johnson damping as implemented in Gaussian, Revision 
D.01222,223 was used. For TPSSh, the values of the original paper have been substituted by 
the corrected values kindly provided by S. Grimme as private communication. 
3.2.5. Ligand and CuI Complex Synthesis 
KHpinF: A slurry of KH (2.37 g, 59.1 mmol) in Et2O was prepared in the drybox then 
transferred to the Schlenk line under N2 and cooled to -78°C by using a dry ice/acetone 
  
98 
bath. Perfluoropinacolate (9.35 g, 28.0 mmol) was syringed into the solution slowly with 
stirring, and the generation of presumed H2 gas was realized. The reaction mixture was 
cloudy and white and was kept at low temperature for one hour. The low temperature 
bath was removed and solution was left to stir for fifteen hours, during which time it 
became a clear and slightly yellow solution. The solvent was removed under vacuum, 
yielding an off-white powder, which was brought into the drybox. The off-white solid 
was dissolved in Et2O and filtered through Celite to remove any excess KH, and the 
filtrate was dried under vacuum, yielding a white powder. The white powder was 
triturated three times with hexanes, then dissolved in Et2O and layered with hexanes for 
recrystallization at -35°C. The white solid was collected and dried on a frit (98%, 11.35 
g). Colorless block crystals suitable for single-crystal X-ray diffraction were isolated 
from the same recrystallization conditions. 1H-NMR (, ppm, {(CD3)2CO}): 8.5 (br. s, 
1H, KHO2C6F12); 13C-NMR (, ppm, {(CD3)2CO}): 124.21 (q, O2(C(CF3)2)2, 1J(C-F) = 
292.92 Hz); 19F-NMR (, ppm, {(CD3)2CO}): -70.14 (s, KHO2C6F12). 
K[(Ph3P)Cu(pinF)]THF (9): In the drybox, {Cu(mes)}n (0.192 g, 1.01 mmol) was 
dissolved in THF to give a slightly cloudy and yellow solution. A solution of KHpinF 
(0.396 g, 1.06 mmol) dissolved in THF was added to the yellow solution, followed 
immediately by a solution of PPh3 (0.285 g, 1.09 mol) dissolved in THF. The solution 
was stirred at room temperature for three hours during which time the color changed from 
yellow to clear and colorless. The solution was filtered through Celite to remove any 
insoluble material, and the colorless filtrate was concentrated under vacuum. The 
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resultant white powders were triturated three times with toluene to remove presumed 
mesitylene (Hmes), and then the white powder was recrystallized at -35°C in THF and 
hexanes to obtain a microcrystalline solid (72%, 0.528 g). Colorless crystals suitable for 
single-crystal X-ray diffraction were grown from the same recrystallization conditions. 
1H-NMR (, ppm, {(CD3)2CO}): 7.44 (m, 9H, m- and p-C6H5), 7.60 (m, 6H, o-C6H5); 
13C-NMR (, ppm, {(CD3)2CO}): 129.56 (d, m-C6H5, 3J(C-P) = 8.75 Hz), 130.84 (br d, p-
C6H5, 4J(C-P) = 2.50 Hz), 134.66 (d, o-C6H5, 2J(C-P) = 16.25 Hz), 134.97 (d, ipso-C6H5, 
1J(C-P) = 36.25 Hz);  19F-NMR (, ppm, {(CD3)2CO}): -70.16 ppm (s, O2C6F12); Anal. 
Calcd. for {K[(Ph3P)Cu(pinF)]THF}; KCuPC28H23O3F12: C, 43.73; H, 3.01; F, 29.64; 
found: C, 43.54; H, 2.85; F, 29.25. 
K[(Cy3P)Cu(pinF)] (10): In the drybox, {Cu(mes)}n (0.2033 g, 1.11 mmol) was 
dissolved in THF to give a slightly cloudy and yellow solution. A solution of KHpinF 
(0.4148 g, 1.11 mmol) dissolved in THF was added to the yellow solution, followed 
immediately by a solution of PCy3 (0.3118 g, 1.11 mmol) dissolved in THF. The solution 
was stirred at room temperature for three hours, during which time the color changed 
from yellow to clear and colorless. The solution was filtered through Celite to remove 
any insoluble material, and the colorless filtrate was concentrated under vacuum. The 
resultant white powders were triturated three times with toluene to remove presumed 
mesitylene (Hmes), and then the white powder was recrystallized at -35°C in THF and 
hexanes to obtain a microcrystalline solid (65%, 0.512 g). 1H-NMR (, ppm, 
{(CD3)2CO}) 1.26 (m, 9H, HC/Dax), 1.42 (m, 6H, HBax), 1.66 (br d, 3H, HA, 1J(C-H) = 
10.00 Hz), 1.78 (m, 9H, HC/Deq), 1.94 (br d, 6H, HBeq, 1J(C-H) = 10.00 Hz); 13C-NMR (, 
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ppm, {(CD3)2CO}) 26.94 ppm (br s, 4-C6H11), 28.00 (d, 2-C6H11, 2J(C-P) = 11.25 Hz), 
31.37 (d, 3-C6H11, 3J(C-P)= 3.75 Hz) 32.81 (d, 1-C6H11, 1J(C-P) = 20.00 Hz), 126.71 (q, 
O2(C(CF3)2)2, 1J(C-F) = 295.83 Hz); 19F-NMR (, ppm, {(CD3)2CO}) -71.92 ppm (s, 
O2C6F12); Anal. Calcd. for {K[(Cy3P)Cu(pinF)]}; KCuPC24H33O2F120.25C4H8O: C, 
40.96; H, 4.81; F, 31.10; found: C, 41.26; H, 4.87; F, 31.42. Elemental analysis reported 
was higher than expected due to residual THF that could not be removed in vacuo. 
{K(18C6)}[(Ph3P)Cu(pinF)] (11): In the drybox, {Cu(mes)}n (0.0764 g, 0.418 mmol) 
was dissolved in THF to give a slightly cloudy and yellow solution. A solution of KHpinF 
(0.157 g, 0.421 mmol) dissolved in THF was added to the yellow solution, followed 
immediately by a solution of PPh3 (0.110 g, 0.420 mmol) dissolved in THF. The solution 
was stirred at room temperature for one hour, then a solution of 18C6 (0.117 g, 0.442 
mmol) dissolved in THF was added. The solution was stirred for an additional two hours, 
during which time the color changed from yellow to clear and slightly yellow. The 
solution was filtered through Celite to remove any insoluble material, and the slightly 
yellow filtrate was concentrated under vacuum. The resultant white-yellow powders were 
triturated three times with toluene to remove presumed mesitylene (Hmes), and then the 
white powder was recrystallized at -35°C in THF and hexanes to obtain a 
microcrystalline solid (76%, 0.305 g). 1H-NMR (, ppm, {(CD3)2CO}): 3.64 ppm (s, 24H, 
C12H24O6), 7.41 (m, 9H, m- and p-C6H5), 7.59 (m, 6H, o-C6H5); 13C-NMR (, ppm, 
{(CD3)2CO}) 70.89 ppm (s, C12H24O6), 129.39 (d, m-C6H5, 3J(C-P) = 10.00 Hz), 130.58 
(br d, p-C6H5, 4J(C-P) = 2.50 Hz), 134.75 (d, o-C6H5, 2J(C-P) = 16.25 Hz), 135.49 (d, 
ipso-C6H5, 1J(C-P) = 30.00 Hz); 19F-NMR (, ppm, {(CD3)2CO}) -69.71 ppm (s, 
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O2C6F12); Anal. Calcd. for {{K(18C6)}[(Ph3P)Cu(pinF)]}; KCuPC34H39O8F12: C, 44.98; 
H, 4.09; F, 23.72; found: C, 44.70; H, 3.96; F, 23.44. 
{K(18C6)}[(Cy3P)Cu(pinF)] (12): In the drybox, {Cu(mes)}n (0.1184 g, 0.648 mmol) 
was dissolved in THF to give a slightly cloudy and yellow solution. A solution of KHpinF 
(0.2411 g, 0.648 mmol) dissolved in THF was added to the yellow solution, followed 
immediately by a solution of PCy3 (0.1812 g, 0.647 mmol) dissolved in THF. The 
solution was stirred at room temperature for one hour, then a solution of 18C6 (0.1708 g, 
0.647 mmol) dissolved in THF was added. The solution was stirred for an additional two 
hours, during which time the color changed from yellow to clear and colorless. The 
solution was filtered through Celite to remove any insoluble material, and the colorless 
filtrate was concentrated under vacuum. The resultant white powders were triturated three 
times with toluene to remove presumed mesitylene (Hmes), and then the white powder 
was recrystallized at -35°C in THF and hexanes to obtain a microcrystalline solid (62%, 
0.393 g). 1H-NMR (, ppm, {(CD3)2CO}): 1.20 (m, 9H, HC/Dax), 1.42 (m, 6H, HBax), 1.65 
(m, 3H, HA), 1.74 (m, 9H, HC/Deq), 1.94 ppm (br d, 6H, HBeq, 1J(C-H) = 15.00 Hz), 3.66 (s, 
24H, C12H24O6); 13C NMR (, ppm, {(CD3)2CO}) 27.07 (br s, 4-C6H5), 28.12 ppm (d, 2-
C6H5, 2J(C-P) = 10.00 Hz), 31.31 ppm (d, 3-C6H5, 3J(C-P) = 5.00 Hz), 32.98 (d, 1-C6H5, 
1J(C-P) = 18.75 Hz), 70.91 (s, C12H24O6); 19F NMR (, ppm, {(CD3)2CO}) -69.79 (s, 
O2C6F12); Anal. Calcd. for {{K(18C6)}[(Cy3P)Cu(pinF)]}; KCuPC36H57O8F12: C, 44.15, 
H, 5.87, F, 23.28; found: C, 43.92, H, 5.90, F, 23.18. 
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3.2.6. Low Temperature UV-vis Spectroscopy and Formation of  SyTpinF 
In the drybox, CuI compounds were dissolved in THF and transferred to a side-
arm UV-vis cuvette. The cuvette was sealed with a septum and covered with parafilm, 
then quickly removed from the drybox, and cooled to -80°C in a Shimadzu UV-3600 
spectrophotometer equipped with a Unisoku thermostatted cuvette holder. After thermal 
equilibrium was reached, dioxygen (99.999%) from a balloon was bubbled through the 
CuI solutions using a needle. The formation of {Cu-O2} species was followed by UV-vis 
spectroscopy. All spectra were normalized to an absorbance of 0 at 900 nm to account for 
temperature differences. 
3.2.7. Low Temperature Stopped-flow Spectroscopy 
In the drybox, CuI compounds were dissolved in THF and the solution was 
transferred to a Hamilton Gastight Syringe. Separately, outside the drybox under a N2 
atmosphere, dioxygen from a balloon was bubbled into THF for fifteen minutes using a 
needle. The O2-saturated THF solvent was transferred to a second Hamilton Gastight 
Syringe. Both syringes were transferred for connection to the stopped-flow spectrometer. 
3.2.8. Reactions of SyTpinF with para-Hydroquinone 
In the drybox, CuI compounds were dissolved in THF in a Schlenk-flask. The 
colorless solutions were taken out of the drybox and transferred to the Schlenk-line under 
N2. The solutions were cooled to -78°C in a dry ice/acetone bath, and a balloon was used 
to bubble O2 into the CuI solutions with a needle, during which time the color changed 
from colorless to teal. Following formation SyTpinF, the O2 balloon was removed. 
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Separately, in the drybox, substrate para-hydroquinone (H2Q) was dissolved in minimal 
THF in a sample vial with a septum covered with parafilm. The substrate solution was 
removed from the drybox, and transferred to the teal Cu solutions using airtight syringes. 
The solutions were stirred at low temperature for thirty minutes before removing the low 
temperature bath, allowing the solution to naturally warm up to room temperature over 
one hour. After equilibrating at room temperature, the THF solvent was removed by 
vacuum, and the resulting residue was dissolved in d6-acetone and analysed by NMR 
spectroscopy. Using a relaxation delay of 10 seconds, reaction products were quantified 
by integrating to a known amount of DMSO as internal standard. A control reaction was 
done with the exact same conditions except for no CuI compound to evaluate for 
oxidation of H2Q by O2, and the results showed no para-benzoquinone (BQ) product. See 
Table 3.9 for calculation of H2Q and BQ yields. 
3.3. Results 
3.3.1. Ligand and CuI Complex Synthesis 
 
The mono-deprotonated KHpinF was synthesized from addition of KH to 
equimolar H2pinF. The heteroleptic CuI complexes were synthesized by a modified 
alcoholysis route shown in Scheme 3.4.66,126,129,130 The anionic CuI complexes 
K[(Ph3P)Cu(pinF)] (9) and K[(Cy3P)Cu(pinF)] (10) were synthesized by the reaction of 
{Cu(mes)}n with KHpinF, immediately followed by the addition of the L-donor ligand 
PR3. If an L-donor ligand was not present in solution, disproportionation was observed 
within minutes to presumed Cu0 and the known123 K2[Cu(pinF)2]. The more soluble 18C6 
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complexes {K(18C6)}[(Ph3P)Cu(pinF)] (11) and {K(18C6)}[(Cy3P)Cu(pinF)] (12) were 
prepared by addition of 18C6 following the generation of 9 and 10 in solution. Analogous 
CuI complexes with the CH3CN in place of PR3 were only stable in CH3CN solution and 
disproportionated under vacuum. X-ray crystallographic data was obtained for the ligand 
KHpinF (Figure 3.1). Data collection parameters are provided in Table 3.1 and 
intramolecular metrical parameters for the crystallographic characterizations are provided 
in Table 3.2. 
 
Scheme 3.4. Synthesis of A[(R3P)Cu(pinF)] complexes 9-12.  
Cu(mes) + KHpinF
PR3
K[(R3P)Cu(pin
F)]
PR3  = PPh3 (9)
        = PCy3 (10)
18C6
{K(18C6)}[(R3P)Cu(pin
F)]
PR3  = PPh3 (11)
        = PCy3 (12)
pinF =
HO
C C
OH
CF3
CF3F3C
F3C
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Figure 3.1. ORTEP diagram of KHpinF(Et2O). Hydrogen atoms are omitted for clarity. 
Ellipsoids are shown at the 50% probability level. Selected bond lengths (Å): K(1)-F(1) = 
2.729(1); K(1)-O(1) = 2.893(2); K(1)-O(3) = 2.738(2); C(1)-C(4) = 1.643(2); O(1)-C(1) 
= 1.338(2); O(2)-C(4) = 1.391(2). 
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Table 3.1. Summary of X-ray crystallographic data collection 
parameters for KHpinF and 9. 
Complex # KHpinF(Et2O) 9(THF)2 
Formula C10H11F12KO3 C32H31Cu2F12KO4P 
Formula Weight 446.29 841.18 
Temp (K) 100(2) 100(2) 
Crystal System Monoclinic Monoclinic 
a (Å) 7.944(4) 14.2034(12) 
b (Å) 14.447(8) 17.5617(14) 
c (Å) 13.719(8) 14.3826(12) 
(°) 90 90 
(°) 93.357(11) 112.2480(10) 
 (°) 90 90 
V (Å3) 1571.8(15) 3320.5(5) 
Z 4 4 
ρ, calc. (g/cm3) 1.886 1.683 
(MoK) (mm-1) 0.48 0.937 
Collected 13321 45403 
Independent 3726 7749 
R(int) 0.0258 0.0283 
R(F), %a 7.04 6.49 
R(ωF2), %b 7.63 6.8 
aR=Σ||Fo|-|Fc||/Σ|Fo|   
bR(wF2)={Σ[w(Fo2-Fc2)2]/Σ[w(Fo2)2]}1/2;  
bw=1/[ss(Fo2)+(aP)2+bP], P=[2Fc2+max(Fo,0)]/3 
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Table 3.2. Selected distances (Ǻ) and angles (°) for KHpinF and 9.  
Compound  Distance (Ǻ)  Angle (°) 
KHpinF K(1)-O(3) 2.738(2) C(1)-C(4)-C(5) 113.4(1) 
 K(1)-F(1) 2.729(1) C(3)-C(1)-C(4) 113.2(1) 
 K(1)-O(1) 
 
2.893(2) O(1)-C(1)-C(2) 
 
107.5(1) 
 C(1)-C(2) 
 
1.567(2) O(1)-C(1)-C(3) 
 
111.0(1) 
 C(1)-C(3) 
 
1.555(2) O(1)-C(1)-C(4) 
 
107.0(1) 
 C(1)-C(4) 
 
1.643(2) O(2)-C(4)-C(1) 
 
104.3(1) 
 C(2)-F(1) 
 
1.344(2) O(2)-C(4)-C(5) 
 
105.0(1) 
 C(3)-F(4) 
 
1.335(2) O(2)-C(4)-C(6) 
 
106.9(1) 
 C(4)-O(2) 
 
1.391(2) K(1)-O(1)-C(1) 117.81(8) 
 C(4)-C(5) 
 
1.557(2) K(1)-F(1)-C(2) 123.85(9) 
 C(4)-C(6) 
 
1.548(2)   
 C(5)-F(7) 
 
1.340(2)   
9 Cu(1)-P(1) 2.128(6) O(1)-Cu(1)-P(1) 136.39(3) 
 
 Cu(1)-O(1) 
 
1.996(1)  O(2)-Cu(1)-P(1) 137.85(3) 
 Cu(1)-O(2) 
 
1.970(1) 
 
O(1)-Cu(1)-O(2) 84.94(4) 
 C(1)-C(4) 
 
1.661(2) 
 
O(1)-C(1)-C(4) 108.6(1) 
 K(1)-O(2) 
 
2.7001(9) 
 
C(1)-C(4)-O(2) 108.5(1) 
 K(1)-F(7) 
 
2.976(1) 
 
K(1)-O(2)-Cu(1) 
 
120.31(5) 
 K(1)-F(10) 
 
3.1784(9) 
 
K(1)-O(2)-C(4) 122.96(8) 
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X-ray crystallography revealed a CuI-containing anion in a distorted-trigonal-
planar geometry for 9 (Figure 3.2). Two THF molecules are bound to the K+ cation, 
which also displays a single KO interaction and two KF interactions to the 
perfluoropinacolate (pinF)2- ligand. The average Cu-O bond length in 9 is 1.983(1) Å, 
which is slightly longer than the Cu-O bond lengths in 6 and 7 (1.842(2) Å for 6, 
1.8665(68) Å for 7), attributable to the chelate ring strain. The O(1)-Cu(1)-O(2) angle is 
84.94(4)° and the C(1)-C(4) distance is 1.661(2) Å in the (pinF)2- ligand. Such elongated 
C-C bonds in chelating pinacolate and perfluoropinacolate ligands have been discussed 
previously.123 The Cu(1)-P(1) bond length is 2.128(6) Å, and the {PCuO2} core is nearly 
planar, with the Cu(1) atom displaced by only 0.002 Å from the best {PO2} plane. The 
O(1)-Cu(1)-P(1) and O(2)-Cu(1)-P(1) angles are nearly equivalent, at 136.39(3) and 
137.85(3)°, respectively. 
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Figure 3.2. ORTEP diagram of 9(THF)2 showing KO and KF interactions. Hydrogen 
atoms are omitted for clarity. Ellipsoids are shown at the 50% probability level. Selected 
bond lengths (Å) and angles (°): Cu(1)-P(1) = 2.128(6); Cu(1)-O(1) = 1.996(1); Cu(1)-
O(2) = 1.970(1); C(1)-C(4) = 1.661(2); K(1)-O(2) = 2.7001(9); K(1)-F(7) = 2.976(1); 
K(1)-F(10) = 3.1784(9); O(1)-Cu(1)-P(1) = 136.39(3); O(2)-Cu(1)-P(1) = 137.85(3); 
O(1)-Cu(1)-O(2) = 84.94(4). 
  
  
110 
 Previously, the monocationic complex [(Ph3P)CuI(HPy1Me,Me)]+ was characterized 
in place of the more reactive CH3CN adduct, which was studied with O2 to form 
THPy1MeMe.63 The structurally characterized CuI complex has Cu-N distances that are 
comparable to the Cu-O distances to the (pinF)2- ligand in 9 at an average of 2.036(2) Å. 
The Cu-P distance is also similarly comparable, at 2.176(2) Å. The N-Cu-P angles in 
[(Ph3P)CuI(HPy1Me,Me)]+ are smaller than the analogous O-Cu-P angles in 9, at 133.2(2) 
and 122.7(2)° due to the larger N-Cu-N chelate ring of HPy1Me,Me, 102.5(3)°, than the 
narrow O(1)-Cu(1)-O(2) angle in 9. 
3.3.2. Reduction of O2 by Cu
I Complexes 
The colorless CuI complexes 9-12 have an intense O-Cu LMCT band at 255 nm. 
Upon oxygenation, a rapid color change from colorless to teal is observed for 9-12. After 
oxygenation at -80°C for 5 minutes, UV-vis spectroscopy reveals intense LMCT 
absorptions at 330 nm, and weaker d-d transitions at 535 nm (19 M-1 cm-1) and 630 nm 
(33 M-1 cm-1) which are constant in the [CuI] concentration range of 0.5-5 mM for 9 
(Figure 3.3). Furthermore, the UV-vis spectra of 5 mM 9-12 are consistent with one 
another, indicating that the same species is being generated regardless of the phosphine or 
presence of 18C6 (Figure 3.4). The small shifts in absorbance in 9 and 10 versus 11 and 
12 can be attributed to the differences in KO and KF interactions from K+ or 
K(18C6)+ in solution, which do not determine the reduction of O2, in contrast to what 
was previously observed in 6-8.66 
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Figure 3.3. Absorption spectra generated from oxygenation of 0.5 to 5 mM [9] in THF at 
-80°C. Inset: Determination of M-1 cm-1) at 630 nm. 
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Figure 3.4. Absorption spectra generated from oxygenation of 5 mM [CuI] 9-12 in THF 
at -80°C. 
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Similar UV-vis absorptions were observed in the previously reported 
oxygenation of CuI bis-alkoxide compounds 6-8.66 At [CuI] concentrations greater than 4 
mM, 7 and 8 produced TOCPhMeF2 and TOCMeMeF2 upon oxygenation, while dimeric 
{Cu2O2} species were observed at [CuI] concentrations less than 3 mM. Complex 6 
produced only TOC4F9 upon oxygenation, regardless of [CuI] when evaluated from 1-5 
mM. Due to the similarities in absorption spectra among TOC4F9, TOCPhMeF2, TOCMeMeF2, 
and the oxygenation of CuI complexes 9-12 (Table 3.3), it is believed that oxidation of 9-
12 also leads to a trimeric core, SyTpinF. The d-d transition energies are similar among all 
four ligands, though the molar absorptivity values of the d-d transitions for SyTpinF are 
roughly 5-30 times lower. 
  
Table 3.3. UV- vis spectral data for compounds 6-12 and T species. 
 max (nm) ((M-1 cm-1))  
Compound CuI Complex {Cu3O2} Species ref. 
6 240 (1790) 307 (nd) 520 (448) 602 (406) 66 
7 234 (4240) 315 (nd) 496 (323) 590 (393) 66 
8 236 (3000) 320 (nd) 500 (858) 720 (170) 66 
9 255 (4200) 330 (nd) 535 (19) 630 (33) this work 
10 255 (4200) 330 (nd) 530 (18) 640 (35) this work 
11 270 (4500) 350 (nd) 525 (25) 630 (33) this work 
12 270 (4500) 350 (nd) 525 (23) 630 (30) this work 
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Irrespective of the phosphine in A[(R3P)Cu(pinF)], the Cu center loses the PR3 
ligand upon oxidation, providing an open coordination site for O2 binding, and further 
stepwise formation of the symmetric species SyTpinF. With only one substituent on each 
O-donor atom, there is virtually no steric impediment to formation of the {Cu3O2} cluster. 
The absorption spectrum is the same whether obtained from bubbling O2 directly 
into THF solutions of 9 or if 9 is injected into O2-saturated THF. This agreement 
indicates that SyTpinF is the preferential product regardless of relative O2 concentration, as 
no secondary {Cu2O2} product is observed when O2 is in large excess, even at low [CuI] 
concentrations. The SyTpinF species is stable at -80°C for at least 1500 seconds, as the 
molar absorptivity of the d-d transition at 630 nm does not decrease. Upon warming 
solutions of SyTpinF from -80°C to RT, the teal solution turns blue with d-d absorbance 
broadening and a red-shift of about 50 nm. Attempts to isolate the final RT product have 
been unsuccessful to date, but the color is consistent with a species of the form {CuIIO4}, 
in which the CuII metal center is bound to four oxygen donors, like [Cu(pinF)2]2-.123 
3.3.3. Characterization of SyTpinF 
Cryospray-ionization mass spectrometry (CSI-MS) was performed by Nicole Orth 
in the group of Prof. Ivana Ivanović-Burmazović at the Friedrich-Alexander-Universität 
Erlangen-Nürnberg to establish the composition and nuclearity of the {CunO2} moiety. 
Using this technique, which detects only charged species, SyTpinF is observed at 
1259.6667 m/z (theoretical 1259.6689 m/z). This m/z ratio corresponds to the dianion 
{(pinF)3CuII3(-OH)2}2- with a K+ cation (Figure 3.5), in which two oxo groups are 
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protonated, facilitating a one electron reduction of CuIII. The mono-protonated species 
{(pinF)3CuII3(-O)(-OH)}3- +  2K+ at 1297.6222 m/z (theoretical 1297.6248 m/z) is also 
detected in the reduced form (Figure 3.6). Although not consistent with the 
{CuII2CuIII(3-O)2} species identified by spectroscopy or stopped-flow kinetics (see 
below), the species is consistent with in situ reduction that can take place in the ESI mass 
spectrometer. Protons are one of the most common background ions in ESI mass 
spectrometers, and come from unavoidable residual moisture present in solvents, thus 
being ubiquitous. These results support the formation of SyTpinF upon oxygenation of 9. 
To the best of our knowledge, this is the first time that a (tri)anionic {Cu3O2} species has 
been detected by a low-temperature mass spectrometry technique. Other species 
characterized by low-temperature spectrometry techniques in the literature include 
tricationic65 and neutral systems,64 which do not observe these protonation and reduction 
phenomena. The only other species observed in CSI mass spectra are fragments 
consistent with SyTpinF. 
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Figure 3.5. CSI-MS of SyTpinF: Experimentally observed isotopic pattern for 
monoanionic {(pinF)3CuII3(-OH)2}2- + K+ (top). Predicted pattern for {(pinF)3CuII3(-
OH)2}2- + K+ (bottom). 
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Figure 3.6. CSI-MS of SyTpinF: Experimentally observed isotopic pattern for 
monoanionic {(pinF)3CuII3(-O)(-OH)}3- + 2K+, m/z = 1297.6222 (top). Theoretical 
predicted pattern for {(pinF)3CuII3(-O)(-OH)}3- + 2K+, m/z = 1297.6248 (bottom). 
Previously reported cationic and neutral trimeric cores {Cu3O2}n with charges of n = 
3+ or 0 respectively were confirmed to have one CuIII center, presumed diamagnetic, and 
two CuII centers that are EPR active.64,212 The EPR spectrum of SyTpinF in THF at 77 K 
revealed a resonance at 3200 G with a g-factor of 2.071 and hyperfine coupling constant 
(Ao) of 46.7 G, and a Δms = 2 resonance at 1500 G (Figure 3.7), representing a triplet 
ground state species that is consistent with the literature. A resonance at 3525 G with a 
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gx-factor of 2.070, and a Δms = 2 resonance at 1400 G were previously reported for 
TTMCD, with similar resonances for TMEED.212 For TTMCD, a gy-factor of 2.143 and a gz-
factor of 2.026 were also reported at high field (7730 and 11250 G, respectively),212 but 
the field above 4000 G was not evaluated for SyTpinF. Small amounts of CuII impurities 
were reported in the spectrum of TTMCD for the resonance at 3525 G.212 For the neutral 
species T-DKT, resonances were reported at 3300 G and 1500 G, with no g-factors 
reported.64  
 
 
Figure 3.7. X-band EPR spectrum of SyTpinF (20 mM) in THF at 77K. 
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    The rate of formation of SyTpinF was measured using stopped-flow spectroscopy at 
-80°C. Solutions of 9 and O2-saturated THF were mixed in order to evaluate pseudo first-
order kinetics where [O2] > [CuI]. Upon mixing, a new species is generated with an 
intense absorption at 380 nm and a shoulder at 480 nm (Figure 3.8). This species is 
proposed to be a bis(-oxo)dicopper(III) core, K2[(pinF)2CuIII2O2], OpinF (see section 3.4 
Discussion). The species OpinF has a kf of 0.418 ± 0.001 s-1 and obeys pseudo first-order 
kinetics across [CuI] of 0.7–5 mM. The OpinF core is short-lived at -80°C, and displays 
pseudo first-order decay with a kd of 0.049 ± 0.001 s-1 (formation and decay shown in 
Figure 3.9). The absorptions at 380 and 480 nm are due to the same OpinF species, which 
was confirmed by the fact that the kf and kd values are consistent across [9] 0.7–1 mM 
(Table 3.4). Low concentrations of 1 mM [9] or less were evaluated due to the estimated 
high molar absorptivity (~ 1150 M-1cm-1) of the 380 nm band.  Because OpinF never fully 
forms, a quantitative extinction coefficient cannot be obtained, but this estimate is 
consistent with the intense absorption feature at 380 nm.   
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Figure 3.8. Spectral changes following the formation of 0.35 mM OpinF in THF at -80°C 
from 0 to 6 seconds after oxygenation of 9, displaying absorption at 380 and shoulder at 
480 nm. 
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Figure 3.9. Absorbance at 480 nm vs. time for 1.5–2.5 mM 9 + O2 in THF at -80°C. 
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Table 3.4. Formation and decay rate constants for SyTpinF for 0.70 – 1.04 mM 9. 
mM s-1 
[9] kf (380 nm) kf (480 nm) kd (380 nm) kd (480 nm) 
1.04 0.426 0.420 0.048 0.048 
0.70 0.420 0.423 0.047 0.049 
 
The dinuclear OpinF core is never fully formed as it reacts upon formation with more 
Cu(I) to generate trinuclear SyTpinF, displayed by the simultaneous growth of absorptions 
in the visible d-d band at 535 and 630 nm with a kf of 0.268 ± 0.006 s-1, concomitant with 
decay of the absorptions at 380 and 480 nm (Figure 3.10). No kd value was obtained for 
the SyTpinF core at -80°C due to its stability (formation shown in Figure 3.11). The 
obtained kf and kd values of the 380 and 480 nm absorptions, as well as the kf of the 630 
nm absorption are the same within experimental error when the concentration of 9 is 
changed from ~1–5 mM, indicating pseudo first-order processes for both the formation of 
OpinF and SyTpinF (Table 3.5). The observed kf values have indicated the formation of 
SyTpinF from OpinF as the rate-determining step.  The decay of OpinF is shown in Figure 
3.9 and the formation of SyTpinF in Figure 3.11, which are plotted separately due to the 
more intense absorption at 480 nm. The TgK Scientific program Kinetic Studio was 
utilized to fit the formation of OpinF, decay of OpinF, and formation of SyTpinF in order to 
calculate the respective formation and decay constants.   
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Figure 3.10. Spectral changes following the formation of 2.5 mM SyTpinF in THF at -
80°C from 0 to 50 seconds after oxygenation of 9. 
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Figure 3.11. Absorbance at 630 nm vs. time for 1.5-2.5 mM 9 + O2 in THF at -80°C. 
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Table 3.5. Formation and decay rate constants of SyTpinF.  
mM  s-1  
[9] kf (480 nm) kd (480 nm) kf (630 nm)[a] 
1.04 0.420 ± 0.003 0.048 ± 0.001 0.273 
1.85 0.419 ± 0.010 0.047 ± 0.003 0.260 
3.08 0.416 ± 0.006 0.051 ± 0.003 0.274 
4.06 0.418 ± 0.007 0.050 ± 0.003 0.272 
5.17 0.419 ± 0.018 0.048 ± 0.001 0.265 
[a]: No standard deviation provided for kf at 630 nm because 
only one time parameter (37.5 s) was evaluated to allow for 
full formation of absorption at 630 nm. 
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3.4. Discussion 
3.4.1. Mechanism of Formation of SyTpinF 
 
As mentioned above with Figure 3.4 and Table 3.3, all data indicate that 9–12 
react identically with O2, so only the kinetic behavior of 9 has been studied in detail by 
stopped-flow spectroscopy. Scheme 3.5 summarizes our current model.  
 
Scheme 3.5. Proposed mechanism of formation of SyTpinF. 
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In the presence of excess O2, it is proposed that 9 initially reacts with an 
equivalent of O2 to generate a mononuclear CuII species, K[(pinF)CuII(O2)], (ES, SS, or 
MP) that is not observed due to its short lifetime (less than 0.75 seconds at -120C). It is 
proposed that upon formation, the mononuclear CuII species reacts with a second 
equivalent of 9, generating a new species, now observable species at 380 and 480 nm, 
which is attributed to an OpinF species, based on spectral similarities to other O species in 
the literature.62,224 OpinF most likely results from initial formation of a side-on -2:2-
peroxodicopper(II) species (SPpinF), K2[(pinF)2CuII2O2]. OpinF does not convert directly to 
SyTpinF, however. An intermediate species AsTpinF is indicated because an isosbestic point 
is not observed as the OpinF core reacts further and SyTpinF forms, which is further 
confirmed by the fact that the kd (0.049 ± 0.001 s-1) of OpinF is slower than the kf (0.268 ± 
0.006 s-1) of SyTpinF. DFT calculations (see section 3.4.2) suggest that the OpinF core 
reacts with a third equivalent of 9 to generate an asymmetric intermediate trimeric species, 
AsTpinF, followed by thermodynamic reorganization to the symmetric species SyTpinF, 
which has been calculated to be 15.8 kcal/mol lower in energy. 
While not directly detected, asymmetric cores such as AsTpinF have been proposed in 
the literature as active sites in trinuclear Cu enzymes, such as ascorbate oxidase, for the 
reduction of O2 to H2O.17,225,226 These enzymes naturally form asymmetric reactive sites 
because there are two distinct coordination environments present for the Cu centers: a 
binuclear Type 3 site, and a mononuclear Type 2 site.200 Spectroscopic features as well as 
electronic and geometric structures of oxidase intermediates have been analyzed.17 The 
current model of the native intermediate after O-O cleavage has a 3-oxo in the center of 
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a trinuclear Cu cluster, and a 2-OH on one edge (Scheme 3.6).17,226 These species are 
proposed to arise from the partial reduction of O2 by a trinuclear CuI core to give a 
mixed-valent peroxy intermediate, followed by O-O bond cleavage to give the native 
intermediate species with three CuII centers. The peroxy intermediate is thought to be 
stabilized by a carboxylate residue near a Cu site, and the O-O bond cleavage is 
thermodynamically driven by the relative stability of the native intermediate.226 
 
Scheme 3.6. Formation of trinuclear Cu native intermediate from the reduction of oxygen 
by a trinuclear Cu core in the multicopper oxidase ascorbate oxidase. 
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species was evaluated with [Cu(HPy1Me,Me)]+ and O2 to form THPy1MeMe.63 The initial 
reaction of CuI and O2 generates a monocopper superoxo, SHPy1MeMe, with a kfobs = 0.059 
(± 0.002) s-1, obeying pseudo first-order kinetics, which proposed to be the rate-
determining step. Subsequent reaction of the {CuO2} SHPy1MeMe with another equivalent 
CuI CuI
CuI
N
N
O
H H O
O
H
CuI CuII
CuII
N
N
O
H H O
O
H
CuII
O
CuII
CuII
N
N
O
H H O
O
H
O
O
O
H
O2
O-O
Cleavage
Trinuclear
Copper Core
Peroxy
Intermediate
Native
Intermediate
H+, e-
  
129 
of CuI leads to a SPHPy1MeMe species, followed by internal reorganization to an OHPy1MeMe 
species. This dinuclear OHPy1MeMe species reacts with a third equivalent of CuI to produce 
THPy1MeMe with a second-order rate constant of 340 (± 20) M-1 s-1. The second-order rate 
constant was evaluated by generating the stable bis(-oxo)dicopper(III) species 
OHPy1MeMe at low concentrations of CuI (0.2 mM), followed by an addition of another 
equivalent of CuI (0.1 mM) to produce THPy1MeMe.  
In contrast, the OpinF species in our system is not stable for isolation at -80°C at low 
concentrations of 9, and therefore no second-order rate constant was obtained under the 
experimental conditions. Upon oxygenation of solutions of 9, O2 is in large excess, such 
that the first observed species is OpinF, which obeys pseudo first-order kinetics. 
Subsequently, the dinuclear OpinF is then in large excess relative to 9, for a second pseudo 
first-order reaction to form SyTpinF. In the case of the formation of THPy1MeMe, no 
OHPy1MeMe species is observed upon oxygenation of higher concentrations (>0.2 mM) of 
[Cu(HPy1Me,Me)]+. A comparison of these kinetic mechanisms is shown in Scheme 3.7. 
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Scheme 3.7. Comparison of kinetic mechanisms for THPy1MeMe63 and SyTpinF. 
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temperatures. Spectroscopic studies have been performed by other groups at low 
temperatures to isolate {CunO2} intermediates including eutectic mixtures of 2-MeTHF 
and THF at -145°C,227 but stopped-flow spectroscopy has not been performed at 
temperatures lower than -80°C. 
Figure 3.12. Time profile of the absorbance at 380 nm resulting from 0.5 mM OpinF in 2-
MeTHF at -120°C. 
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Figure 3.13. Spectral changes following the formation of 0.5 mM OpinF in 2-MeTHF at -
120°C from 0 to 2160 seconds after oxygenation of 9. 
  
  
133 
 
Figure 3.14. Spectral changes following the decrease in absorbance of 0.5 mM OpinF in 
2-MeTHF at -120°C from 2160 to 7200 seconds after oxygenation of 9. 
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Figure 3.15. Time- and temperature-dependent spectral changes observed for 
oxygenation of 6.0 mM 9 in 2-MeTHF.  
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3.4.2. Density Functional Theory Calculations of SyTpinF 
Prof. Sonja Herres-Pawlis and Dr. Alexander Hoffmann at the Rheinisch-
Westfälische Technische Hochschule Aachen simulated proposed structures of both the 
asymmetric and the symmetric trinuclear cores by DFT (Figure 3.16 and Table 3.6). The 
combination of the hybrid functional TPSSh with the triple- basis set def2-TZVP and 
empirical dispersion with Becke-Johnson damping is highly useful in the treatment of the 
Cu2O2 species.228-230 The asymmetric trimer is indeed a stable minimum on the potential 
energy surface. It is noted that the triplet 3(AsTpinF) is 7.7 kcal/mol stabilized relative to 
the higher energy singlet 1(AsTpinF). The relative energies of all calculated spectra are 
summarized in Figure 3.17.  
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Figure 3.16. AsTpinF (left) and SyTpinF (right) in their triplet states (TPSSh, Def-TZVP, 
GD3BJ). 
 
Table 3.6. Calculated bond lengths (Å) of AsTpinF and  SyTpinF. 
 AsTpinF SyTpinF 
CuA(II)-µ3-O/ µ2-O 1.876/1.975 1.973-1.975 
CuB(III)-µ3-O/ µ2-O 1.773/1.826 1.816 
CuC(II)-µ3-O 1.797  
CuA(II)-OpinF 1.956/1.937 1.937-1.939 
CuB(II)-OpinF 1.904/1.889 1.886 
CuC(III)-OpinF 1.909/1.913  
Cu…Cu 
AB:2.852 
BC:3.182 
AC:3.538 
2.655-2.680 
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Starting with the 1(OpinF) species and complex 9 (singlet starting point since O 
and CuI are singlets), the stabilization for the 1(AsTpinF) is 25.5 kcal/mol and that for the 
triplet is 33.2 kcal/mol (relative to 1(OpinF) + CuI). Hence, the process runs downhill 
which explains the high driving force towards the symmetric trimer. The triplet SyTpinF is 
stabilized by 15.8 kcal/mol against its asymmetric congener whereas the singlet state of 
the SyTpinF species is 32.4 kcal/mol destabilized against the 3(SyTpinF). Both spins reside 
on the two formally CuII ions, as expected.61 The molecular orbitals (MOs) are depicted 
in Figure 3.18 and correspond to the classical MOs previously reported61 with the 
HOMO-1 representing the singly occupied antibonding interaction between the O-O 
* and the dxy orbitals and the singly occupied HOMO as *-dxy combination. One can 
still see the similarity to the frontier orbitals of the bis(µ-oxo) dicopper species.27 
The frontier MOs of the triplet AsTpinF species are shown in Figure 3.19. They are 
closely related: the HOMO consists of a *-dxy combination whereas the HOMO-1 
combines the * with the dxy orbitals. The -LUMO+1 lies on the CuB, which is hence 
identified as CuIII. Moreover, the drastically shortened bond lengths around CuB 
demonstrate the CuIII character. 
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Figure 3.17. Relative energies of all species calculated by DFT. 
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Figure 3.18. MO diagrams of SyTpinF with CuA, CuB, and CuC labelled if visible. -
HOMO (top left), -LUMO+1 (top right), -HOMO-1 (bottom left), -LUMO (bottom 
right). 
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Figure 3.19. MO diagrams of AsTpinF with CuA, CuB, and CuC labelled if visible. -
HOMO (top left), -LUMO+1 (top right), -HOMO-1 (bottom left), -LUMO (bottom 
right).  
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3.4.3. Comparison of SyTpinF to Other Trimeric Cores 
The trinuclear {CuII2CuIII(3-O)2} species SyTpinF has similar UV-vis 
spectroscopic properties to other characterized trimeric species in the literature (Table 
3.7). While the absorption values for the trimeric species are quite similar, a notable 
spectroscopic difference is the lower extinction coefficient of the d-d transitions, when 
compared to not only other fluorinated alkoxide species (TOC4F9, TOCPhMeF2, and 
TOCMeMeF2), but also other T species with N-donor ligands. The species T-DKT, an 
overall neutral species, has higher extinction coefficient values64 than cationic 
species.60,63,65,231 As shown in Table 3.7, one of the three {Cu3O2}3+ complexes with the 
peralkylated diamine ligands, TTMCD, was extensively characterized60 and both TTMED62 
and TMEED212 were characterized by their spectroscopic similarities to TTMCD. The three 
trimeric cores most recently published, TnBu, TMe3, and TMe2, have been extensively 
characterized, utilizing XAS, HR-MS, and spectrophotometric titrations with O2-
saturated THF and also decamethylferrocene to assess formation yields.65 The neutral 
complex, T-DKT, was also characterized by a spectrophotometric titration using O2-
saturated THF, and the mass spectrometry and magnetic data were also studied.64 The 
species SyTpinF is the first (tri)anionic {Cu3O2}3- to be kinetically characterized, as only 
the stable UV-vis spectroscopic properties and manometry were used to characterize 
TOC4F9, TOCPhMeF2, and TOCMeMeF2.66 
One other asymmetric species has been described in the literature with indirect 
kinetic evidence for its formation. Three two-fold symmetric octadentate ligands with 
{N6O2} donor sets bind three CuI ions and react with O2.232 A [CuII2(-O)2CuIII(L)]+ has 
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been proposed on its fit to a connect model of intermolecular reactivity that leads to two 
different {Cu3} species.233  
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3.4.4. Reactivity of SyTpinF 
The SyTpinF species resulting from 9-12 was evaluated for reactivity.  As observed 
in other related systems, oxidation of CuI to CuII always results in PR3 loss. With SyTpinF  
there is PR3 loss and stoichiometric O-atom transfer to PPh3 to form O=PPh3 upon 
warming solutions prepared at -80°C. Three total equivalents of PPh3 are lost upon 
oxidation of 9 to SyTpinF, and the recovered yield of O=PPh3 was 88% per SyTpinF (Figure 
3.20). This result indicates the ability of stoichiometric O-atom transfer from SyTpinF to 
substrate.  
 
  
 
Figure 3.20. 1H-NMR spectra in CDCl3 of the conversion of PPh3 to O=PPh3 by 
SyTpinF. 
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Upon addition of 9,10-dihydroanthracene (9,10 DHA) to SyTpinF at -80°C, no H-
atom abstraction was observed upon warming. The organic compound para-
hydroquinone (H2Q) was also studied as a potential substrate for oxidation, and under the 
same experimental conditions, it was observed that SyTpinF oxidizes H2Q to para-
benzoquinone (BQ) with catalytic turnover, demonstrating the oxidase ability of SyTpinF. 
Proposed sequential removal of H+ and e- from H2Q is suggested by the lack of activity 
with 9,10-DHA. Upon additions of 10 equivalents of H2Q to SyTpinF, modest turnover 
numbers (TONs) were obtained, as shown in Table 3.8, with supporting calculations in 
Table 3.9. The cation, K+ or {K(18C6)}+, does not affect the TON, but the TON 
increased ~ two-fold when the L-donor ligand was PCy3, as opposed to PPh3. 
Upon the addition of 10 equivalents of H2Q to SyTpinF at -80°C, there was a slight 
~10 nm red-shift in the absorbances at 535 and 630 nm at -80°C, indicating a change in 
the environment of a Cu in SyTpinF (Figure 3.21). Substrate aryloxide binding to SyTpinF 
(most likely to the CuIII center) could take place upon proton abstraction by a -oxo. 
Further mechanistic experiments are underway. 
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Table 3.8. Catalytic H2Q oxidation to BQ by SyTpinF in THF at -80°C.[a] 
  mM equivalents 
cation R (PR3) [CuI] CuI 
Initial 
H2Q 
Final 
H2Q[b] 
Final 
BQ[b] 
TON[c] 
K Ph3 2.00 1.00 
10.00 ± 
0.02 
7.00 ± 
0.37 
2.86 ± 
0.33 
8.60 ± 
1.01 
K Ph3 5.00 1.00 
10.00 ± 
0.01 
7.09 ± 
0.98 
2.62 ± 
0.18 
7.85 ± 
0.56 
K Ph3 10.00 1.00 
9.99 ± 
0.01 
5.97 ± 
0.40 
3.47 ± 
0.25 
10.41 ± 
0.75 
{K(18C6)} Ph3 5.00 1.00 
10.00 ± 
0.06 
5.80 ± 
0.98 
2.40 ± 
0.38 
7.00 ± 
1.39 
K Pcy3 5.00 1.00 
10.00 ± 
0.00 
4.85 ± 
0.35 
4.61 ± 
0.55 
13.87 ± 
1.63 
{K(18C6)} Pcy3 5.00 1.00 
9.97 ± 
0.03 
2.80 ± 
0.35 
5.17 ± 
0.34 
15.43 ± 
1.04 
[a]: Oxidation of H2Q to BQ by SyTpinF reactions done with the help of Sarah E. 
Neville (BU, G3) and Amanda I. Arnoff, (BU, ’17). [b]: Yield of unreacted H2Q 
and BQ product based on initial H2Q added, calculated by 1H-NMR. [c]: Catalytic 
turnover base initial amount of CuI precatalyst, calculated by 1H-NMR per SyTpinF. 
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Table 3.9. Calculation of H2Q and BQ Yields.[a] 
 
mmol Cu 
[M] Cu 
(mM) 
Initial mmol 
H2Q 
Intial eq. 
H2Q 
Final mmol 
H2Q 
Final eq. 
H2Q 
Final mmol 
BQ 
Final 
eq. BQ 
TON 
Substrate 
Recovered 
(%) 
9 0.03 2.00 0.29 10.03 0.19 6.59 0.86 2.97 8.93 95.60 
 
0.03 2.00 0.29 10.00 0.19 7.09 0.09 3.13 9.40 102.00 
 
0.03 2.00 0.29 10.01 0.22 7.32 0.07 2.49 7.47 97.96 
AVG 0.03 
 
0.29 10.01 0.20 7.00 0.34 2.86 8.60 98.52 
STDEV 0.00 
 
0.00 0.02 0.00 0.37 0.00 0.33 1.01 3.24 
%RSD 1.81 
 
0.20 0.18 7.96 5.33 131.26 11.63 11.70 3.29 
9 0.03 5.00 0.29 10.00 0.24 8.18 0.07 2.45 7.35 106.40 
 
0.03 5.00 0.29 9.98 0.20 6.78 0.08 2.58 7.74 93.87 
 
0.03 5.00 0.29 10.00 0.19 6.30 0.08 2.82 8.46 91.20 
AVG 0.03 
 
0.29 9.99 0.21 7.09 0.08 2.62 7.85 97.16 
STDEV 0.00 
 
0.00 0.01 0.00 0.98 0.000 0.19 0.56 8.12 
%RSD 0.52 
 
0.40 0.12 13.25 13.78 7.35 7.17 7.17 8.35 
9 0.06 10.00 0.58 10.00 0.34 5.82 0.22 3.74 11.22 95.60 
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 mmol Cu 
[M] Cu 
(mM) 
Initial mmol 
H2Q 
Intial eq. 
H2Q 
Final mmol 
H2Q 
Final eq. 
H2Q 
Final mmol 
BQ 
Final 
eq. BQ 
TON 
Substrate 
Recovered 
(%) 
 
0.06 10.00 0.58 9.98 0.33 5.66 0.20 3.41 10.26 91.00 
 
0.06 10.00 0.58 10.00 0.37 6.42 0.19 3.25 9.75 95.80 
AVG 0.06 
 
0.58 9.99 0.35 5.97 0.20 3.47 10.41 94.13 
STDEV 0.00 
 
0.00 0.01 0.00 0.40 0.00 0.25 0.75 2.72 
%RSD 0.10 
 
0.17 0.12 6.63 6.72 7.55 7.21 7.17 2.88 
10 0.025 5.00 0.25 10.00 0.12 4.87 0.12 4.87 14.60 97.40 
 
0.03 5.00 0.03 10.00 0.12 4.49 0.14 4.99 15.00 94.80 
 
0.03 5.00 0.29 10.00 0.15 5.19 0.11 3.98 12.00 91.80 
AVG 0.03 5.00 0.19 10.00 0.13 4.85 0.12 4.61 13.87 94.67 
STDEV 0.00 
 
0.00 0.00 0.00 0.35 0.00 0.55 1.63 2.80 
%RSD 7.31 
 
74.64 0.00 12.02 7.23 9.59 11.96 11.75 2.96 
11 0.02 5.00 0.22 10.00 0.13 5.90 0.059 2.72 8.17 86.19 
 
0.02 4.99 0.21 10.00 0.14 6.79 0.05 2.49 7.44 92.82 
 
0.02 5.00 0.21 10.10 0.06 4.84 0.05 1.98 5.49 68.20 
AVG 0.02 
 
0.21 10.03 0.11 5.84 0.05 2.40 7.03 82.40 
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 mmol Cu 
[M] Cu 
(mM) 
Initial mmol 
H2Q 
Intial eq. 
H2Q 
Final mmol 
H2Q 
Final eq. 
H2Q 
Final mmol 
BQ 
Final 
eq. BQ 
TON 
Substrate 
Recovered 
(%) 
STDEV 0.00 
 
0.00 0.06 0.00 0.98 0.00 0.38 1.39 12.74 
%RSD 0.72 
 
0.54 0.58 37.99 16.71 8.95 15.80 19.70 15.46 
12 0.02 5.00 0.19 9.95 0.06 3.19 0.09 4.90 14.60 80.88 
 
0.02 5.00 0.20 9.95 0.05 2.54 0.10 5.07 15.10 76.10 
 
0.02 5.00 0.21 10.00 0.06 2.66 0.11 5.55 16.60 82.01 
AVG 0.02 
 
0.20 9.97 0.06 2.80 0.10 5.17 15.43 79.66 
STDEV 0.00 
 
0.00 0.03 0.00 0.35 0.00 0.34 1.04 3.14 
%RSD 4.40 
 
4.63 0.30 8.36 12.37 10.71 6.52 6.74 3.94 
Control 0 0 0.28 - 0.26 - 0.00 - - 93.86 
[a] Oxidation of H2Q to BQ by SyTpinF reactions done with the help of Sarah E. Neville (BU, G3) and Amanda I. Arnoff, (BU, ’17).  
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Figure 3.21. Temperature-dependent UV-vis spectral changes upon addition of 10 
equivalents of H2Q to 5.5 mM TpinF in THF. 
 
In the literature, few of the aforementioned trimeric {Cu3O2} cores have had 
substrate reactivity reported. The species TTMCD60 and THPy1MeMe63 oxidatively coupled 
2,4-di-tert-butylphenol (2,3-DTBP-H) to give 3,5,3’,5’-tetra-tert-butyl-biphenyl-2,2’-diol 
in >97% yield based on the trinuclear complex. With THPy1MeMe, the Cu containing 
product was a bis(-OH)dicopper(II) compound, [CuII2(HPy1Me,Me)2(-OH)2]2+. UV-vis 
spectroscopy indicated that one equivalent of THPy1MeMe produced one equivalent of the 
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CuII containing product, with concomitant release of an equivalent of [CuI(HPy1Me,Me)]+, 
as indicated by ESI-MS.63  
The neutral species, T-DKT, was evaluated for reactivity with similar substrates, 
including 2,4- and 2,6-di-tert-butylphenols, 2,4,6-tri-tert-butylphenol, and 9,10 DHA, but 
no oxidized organic products were observed in post-reaction mixtures by GC-MS or 1H-
NMR spectroscopy.64 In the presence of five equivalents of PPh3, however, T-DKT 
oxidized the substrate to O=PPh3 in 40% yield based on the trinuclear complex, 
indicative of sub-stoichiometric electrophilic O-atom transfer reactivity. The partially-
hydrogenated O-donor TOCPhMeF2, and TOCMeMeF266 hydroxylate sp2- and sp3-hybridized 
C-H bonds via an electrophilic O.  Furthermore, both the N-donor T-DKT,64 and TOC4F9, 
TOCPhMeF2, and TOCMeMeF266 have displayed nucleophilic O reactivity by reacting with 
exogenous CO2 to form CO32-.  
Most recently it has been reported that TMe3 abstracts an H-atom from 5,6-
isopropylidene ascorbic acid 106 times slower than independently generated OMe3, and 
that TnBu reacts 100 times slower than OnBu.65 These symmetric T {Cu3O2}3+ species 
react with exogenous substrates at significantly lower rates than their dinuclear 
counterparts. Computational techniques indicated that TMe3, TMe2, and TnBu are 
isoenergetic with their dinuclear analogues in H-atom affinities, while they are 200-300 
mV stronger one-electron oxidants,65 supportive of the oxidation of 2,3-DTBP-H in the 
case of TTMCD and THPy1MeMe. 
Both oxidase and O-atom transfer chemistry have been observed with SyTpinF. These 
two chemistries have also been observed in tricationic and neutral species, respectively. 
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The reactivity of T species reported to date with external substrates is always in 
stoichiometric or substoichiometric yield, not catalytic. Our system, however, has 
oxidized H2Q catalytically with modest TONs. Although no other T systems have 
reported catalytic oxidation of substrates, other oxidase {CunO2} systems have used 
excess external base such as Et3N to deprotonate phenolic based substrates, which are 
oxidized catalytically to quinones.51-54 Oxidation by {Cu3} moieties has been inspired by 
proposed alternative active sites in pMMO,234-236 which are proposed to have several O-
donors from the protein.  Catalytic oxidation of methane to methanol in zeolites has been 
demonstrated,211,214 which, like the chemistry reported herein, contains Cu in an all O-
donor environment.  
3.5. Summary and Conclusions 
CuI complexes 9-12 of the form A[(R3P)Cu(pinF)] with a bidentate, perfluorinated 
ligand react with O2 at -80°C to generate the stable trisanionic species SyTpinF, which has 
been characterized by UV-vis, CSI-MS, EPR, and stopped-flow spectroscopy. Formation 
of the {CuII2CuIII(3-O)2} core passes through a dinuclear OpinF species and a trinuclear 
AsTpinF one, to the final SyTpinF which is stable at -80C. The OpinF and SyTpinF are directly 
observable spectroscopically, whereas the previously unobserved AsTpinF is detected 
indirectly.  The kinetically unstable asymmetric trinuclear core AsTpinF is shown to be 
15.8 kcal/mol higher in energy by DFT calculations. 
CuIII species and trinuclear Cu cores in general have been proposed as the active sites 
for various enzymes in nature, such as ascorbate oxidase, laccase, and 
ceruloplasmin.17,18,27 Due to the non-sterically demanding oxygen-donating ligand 
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(pinF)2-, the symmetric and homogenous {CuII2CuIII(3-O)2} core, SyTpinF, was 
characterized in this work Excess Cu in solution and non-sterically inhibiting ligands 
have been shown to favor a {Cu3O2} core.62,65 Related O species have been characterized 
widely in literature62,231,237-242 and display wide ranges of reactivity,62,231,237,238,241,242 but 
few T species have had such detailed reactivity studies.60,63,64,66 The SyTpinF species 
catalytically oxidizes H2Q to BQ in modest TONs. Few {CunO2} species with O-donor 
ligands have been characterized in the literature, and the mechanistic formation and 
reactivity of such species provides insight into trinuclear Cu enzymes in nature. 
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CHAPTER 4. A Self-Healing CuII Bis-perfluoropinacolate Precatalyst for 
Electrocatalytic Reduction of NOx Substrates in H2O 
4.1. Introduction 
Nutrient over-enrichment in lakes, rivers, and oceans is an increasingly growing 
global problem because these water bodies are essential for sustainable life on earth. 
Historically, water has been remediated by controlling phosphorus input, but the nitrogen 
balance has gained more attention recently.243 The Haber-Bosch process is a milestone in 
the history of the chemical industry, but is also the main contributor to the human 
footprint on the nitrogen cycle.244 This anthropomorphic influence has generated 
significant reactive nitrogen,67 designated as all biologically reactive nitrogen compounds 
in the atmosphere and biosphere of Earth.245 While natural reactive nitrogen formation 
was rate-limiting in the geological eras,246 during the Anthropocene era concern is 
growing about exceeding reactive nitrogen safety thresholds for a sustainable future.247,248 
Nitrogen-based fertilizers, urban nitrogen waste, and atmospheric nitrogen 
deposition243 resulting from the Haber-Bosch process generate reactive nitrogen runoff 
and accumulation in groundwater, which in turn leads to coastal harmful algal blooms 
(HABs) and dead-zones.67,243 Toxic cyanobacteria, such as Microcystis, proliferate in 
nitrogen-based (NO3-, NH4+, organic N2) nutrient atmospheres.243 These HABs have lead 
to growing eutrophication, causing aquatic life, including plants and animals, to compete 
for space, O2, and sunlight, resulting ultimately in dead-zones. HABs have affected water 
bodies globally, such as Lake Tai in China, where drinking water supplies where cut off 
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to approximately ten million residents in 2007,243 and Lake Erie, from which drinking 
water was suspended to half a million residents in Ohio in 2014.249  
Nitrate (NO3-) exists as the most oxidized form of nitrogen (5+), and the nitrogen 
atom can span oxidation states from 5+ to 3- (Scheme 4.1). As the main nitrogen-
containing pollutant in water bodies, strict regulations exist for the maximum amount of 
allowed NO3- in drinking water, specifically 50 mg/L or 0.8 mM.250,251 The efficient 
removal of excess NO3- in water bodies has led to the development of various applied 
denitrification methods, such as biological denitrification,252-256 artificial physical 
removal of NO3- (reverse osmosis257,258 and ion exchange259), and electrocatalytic 
denitrification.260,261 
 
 
Scheme 4.1. Some common N-containing species and their oxidation states at neutral pH. 
 
Heterotrophic and autotrophic biological denitrification utilizes various electron 
sources mediated by bacterial genera such as Pseudomonas, Paracoccus, 
Flavobacterium, Alcaligenes, and Bacillus to utilize known262 enzymatic pathways for N-
based reduction252,263 Biological denitrification poses risks and potential problems, 
however, because the possible development of pathogenic and toxic bacteria67 requires 
further purification prior to human consumption. The physical removal of NO3- is the 
most widely used method for the treatment of drinking water, but simply displaces the 
NO3-, therefore generating secondary waste.67 These limitations leave electrocatalytic 
NO3
- NO2
- NONO2 N2O
5+ 3+ 2+4+ 1+
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denitrification as the most appealing method for water remediation,264 because a nontoxic 
and nonpathogenic precatalyst can be designed, and NO3- is not simply exchanged, but 
converted, ideally to non-toxic N2. Three major challenges arise for the electrocatalytic 
reduction of NO3-, including (i) a less-reducing catalytic onset potential (i.e., 
minimization of the overpotential for any given transformation), (ii) preferential 
formation of N2, but commonly observed formation of unwanted reduction products such 
as NH3 or N2O, and (iii) controlling the electrolyte or pH affect on catalysis.67 The 
relevant half-reactions of NO3- reduction products under standard state conditions are 
shown in Scheme 4.2.260 
 
Scheme 4.2. Half-reactions of NO3- reduction products with redox potentials vs. NHE.260 
 
NO3
- + 2H+ + 2e-
NO3
- + 4H+ + 3e-
2NO3
- + 10H+ + 8e-
2NO3
- + 12H+ + 10e-
NO3
- + 8H+ + 6e-
NO3
- + 10H+ + 8e-
NO2
- + H2O
NO + 2H2O
N2O + 5H2O
N2 + 6H2O
NH3OH
+ + 2H2O
NH4
+ + 3H2O
E0 = 0.835 V
E0 = 0.958 V
E0 = 1.116 V
E0 = 1.246 V
E0 = 0.727 V
E0 = 0.875 V
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Heterogeneous systems with single transition metals as electrocatalysts are most 
often evaluated for NO3- reduction, including studies with Pt, Pd, Rh, Ru, Ir, Cu, Ag, and 
Au,265,266 with Pt being the most actively studied electrode.260 In acidic solutions, using a 
polycrystalline Pt electrode, NO3- reduction current starts at approximately 0.3 V vs. 
RHE,266 but no gaseous products are formed, indicating NH4+ as the only product.267,268 
On single-crystalline Pt surfaces, such as Pt(111), adsorbed NO has been reported to be a 
major intermediate reduction product of NO3-,269 most likely from NO2-. Because NO 
adsorbs strongly on Pt, the formation of N-N bonds and N2O and N2 as products is 
prohibited, leaving only NH3 as the possible product.260 
Cu is a widely investigated electrode material67 and was reported as the most 
active surface for NO3- reduction out of the coinage metals.266 NO3- was reduced to NH3 
using Cu metal electrodes in highly acidic solutions (pH = 2).270 Cu single-crystal 
electrode surfaces, such as Cu(100), Cu(110), and Cu(111),270-272 have also been 
evaluated for NO3- reduction. Various activity is observed, most notably a 0.3 V lower 
overpotential for the reduction of NO3- to NO2- for Cu(111) versus Cu(100). On Cu(111), 
an intermediate Cu-oxide species is formed on the electrode surface that is not formed on 
Cu(100), because Cu(100) is less stable in acidic media, leading to CuII and CuI ions in 
solution, the latter a known NO3- reduction catalyst.273 Other approaches have sought to 
improve electrocatalytic reduction on Cu electrodes by preparing Cu powders with ball 
milling.274 
No common metal alone has achieved the desired selectivity of the reduction of 
NO3- to N2, so bimetallic alloys have also been investigated.275 Because Cu is active 
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toward NO3- reduction but unstable in acidic solutions, many investigations of Pt and Pd 
electrodes modified with Cu have been investigated.276 On a series of Pd-Cu surfaces, 
low Cu coverage promoted high selectivity towards N2 as the reduction product, while 
higher reduction activity was realized at high Cu coverage, with a low selectivity towards 
N2.277,278 Reduction products, including N2, were identified by Differential 
Electrochemical Mass Spectrometry (DEMS).277 The Cu surface is responsible for the 
reduction of NO3- to NO2- and NO, and Pd is active towards the formation of the N-N 
bond by the reduction of NO to N2O and N2.278 
Much work has been done for NO3- reduction in acidic media, and less in alkaline 
conditions.260 It has been reported that NO3- reduction rates are up to ten times slower in 
alkaline media than in HClO4 solutions for Pt electrodes, but Ni and Cu electrodes are 
much more highly active under basic conditions.260 Cu electrodes studied in 0.1 M NaOH 
reduce NO3- to products of NO2-, NH4+, and N2 at -1.30 V vs. SCE, where the products 
were not detected experimentally, but determined indirectly via three separate charge 
transfer steps observed during CV.279 Graphene modified Cu electrodes prepared by 
chemical vapor deposition (CVD) were studied under basic conditions and shown to 
significantly increase the electrocatalytic activity of NO3- reduction as compared to Cu 
electrodes.280 Similarly, Cu90Ni10 and Cu70Ni30 electrodes were studied for reduction of 
NO3-, with NH3 as the detected product.281 Addition of Sn or Zn to Cu electrodes also 
resulted in NH3 is the main product observed for NO3- reduction in alkaline media, and 
significant improvement in N2 yields still poses a significant challenge.282,283 
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Molecular catalysts have also been studied for homogenous electrocatalytic NO3- 
reduction, in which redox-active catalysts transfer electrons to the electrode without 
being attached to it. Homogenous electrocatalysis can be a preferential research target in 
that electron transfer to or from a molecule is viewed as a succession of individual 
electrochemical and chemical reaction steps. This molecular understanding serves as the 
basis for theoretical analysis of catalytic phenomena, including modeling and mechanistic 
understanding.284 While the catalytic turnover of heterogeneous catalysts may currently 
be superior, homogenous catalysts can help to understand catalytic function and 
reactivity, with the overall goal to improve catalytic turnover. Much progress is still 
needed in the field of homogenous electrocatalysis, however, and this research is still in 
its infancy.67,284 Metal cyclam species with 1,4,8,11-tetra-azacyclotetradecane ligands 
were examined for electrocatalytic NO3- reduction in water,285 but were later abandoned 
because electropolymerisation immobilized the catalyst on the electrode.286-288 Though 
not qualified as a homogeneous system after electropolymerisation, immbolization of a 
catalyst on an electrode surface provides a more intimate contact between the two, and 
the possibility of a more facile electron transfer.67 
Heteropolyanionic tungstic and molybdotungstic CuII compounds of the form 2-
P2W17O61Cu or 2-P2W15Mo2O61Cu, members of the polyoxometallate (POM) family, 
were first reported for the reduction of NO3- in 2001 with a catalytic current onset 
beginning at -0.44 V vs. SCE.289 Recently, a series of compounds associating 
polyoxotungstates, bisphosphonates, and Cu ions were synthesized and structurally 
characterized in which [Cu6(Ale)4(H2O)4]4- units (Ale = alendronate, 
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[O3PC(O)(C3H6NH3)PO3]4-) alternating with polyoxometalate (POM) units.290 The 
complexes were analyzed electrochemically in acidic media (pH = 1, 5) and shown to 
have a two-step reduction of CuII to Cu0 through CuI in the range of 0.05 to -0.02 V vs. 
SCE depending on pH and the compound. A large oxidation current was observed and 
designated as the reoxidation of deposited Cu0 on the electrode. The addition of NO3- to 
solutions of P2W15CuAle (Na20[{P2W15O56)2Cu4(H2O)2}{Cu6(Ale)4(H2O)4}]50H2O) in a 
pH 5 solution resulted in a cathodic current enhancement starting at a potential of -0.75 V 
vs. SCE, which was attributed to reduction by Cu0 on the electrode surface. These 
compounds also show current enhancement for the reduction of NO2- in acidic solutions, 
though no products were reported for either the reduction of NO3- or NO2-.290 
Other chemical approaches to NO3- reduction by metal complexes have sought to 
mimic the wide array of reactivity of metalloporphyrins, which reduce oxyanions such as 
NO2- or sulfite (SO32-) in bacteria. Such species include MnIII metalloporphyrin 
complexes of the form [Mn(TPP)(NO3)] or [Mn(TPP)(NO2)] where TPP = 5,10,15,20-
tetra-phenylporphyrinate.291 Upon irradiation, [Mn(TPP)(NO3)] and [Mn(TPP)(NO2)] 
produce [O=MnIV(TPP)] with concomitant reduction of NO3- or NO2- to NO2- or NO, 
respectively. Most recently, the FeII complex [N(afaCy)3Fe(OTf)]OTf (N(afaCy)3 is 
azafulvene-amine and OTf is trifluoromethanesulfonate) reduced NO3- to NO, forming 
[N(afaCy)3FeIII=O]OTf. In the presence of the 2H+/2e- source 1,2-diphenylhydrazine and 
the sacrificial oxidant decamethylferrocenium triflate, [N(afaCy)3Fe(OTf)]OTf was 
regenerated with concomitant H2O.292 
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Research in the Doerrer Group investigates the synthesis, electronic structure, and 
reactivity of fluorinated, O-donor ligand complexes of the late 3d transition metals with 
FeII,125,129 FeIII,125 CoII,126,129 NiII,128 CuI,66,130 CuII,126,127,129, and ZnII.129,293 The 
monodentate O-donor ligands include aryloxides that are fully fluorinated (OC6F5)125-
128,293 or partially fluorinated (OC6H3(CF3)2),125-128,293 as well as the fully fluorinated 
alkoxide derivative OC4F9,66,128-130 and the partially fluorinated alkoxides 
OC(CH3)(CF3)2,66,165 or OC(C6H5)(CF3)2.66,130,165,293 These ligands are medium field 
ligands, similar to OH- or F-, as demonstrated by UV-vis spectroscopy125-129 and DFT 
calculations.125 Furthermore, the varying degrees of fluorination reduce both the -donor 
character of the O atom and ligand bridging, therefore maintaining open coordination 
sites for substrate access to metal centers. The fluorinated ligands are much more acidic 
than the protonated counterparts; for example the pKa values of HOC4H9 vs. HOC4F9 are 
19.2 and 9.6, respectively.194 The conjugate bases of the fluorinated alcohols are therefore 
less basic, and form terminal M-OR linkages and monomeric compounds, as 
demonstrated with three- and four-coordinate first row transition metal complexes.125-128 
The Doerrer Group has also investigated a bidentate, fully fluorinated alkoxide 
ligand, perfluoropinacolate,123,217 which is abbreviated as (pinF)2-, or H2pinF for the 
alcohol perfluoropinacol. The majority of anionic alkoxide ligands can only be used 
under anhydrous conditions, but H2pinF has a pKa1 of 5.95 and pKa2 of 10.7,131 and can be 
used in hydrous or anhydrous conditions, allowing for in situ generation of the doubly 
deprotonated anion (pinF)2- by bases such as KOH or Me4NOH.123 Metal complexes have 
previously been prepared for [M(pinF)3]3- with M = FeIII, AlIII, as well as [M(pinF)2]2- 
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with M = MnII, NiII, CuII, ZnII,121 though no structural data were provided, except for the 
NiII complex. The related [M(pinF)2]2- compounds with M = FeII and CoII were first 
published by our group, in which the square-planar species are paramagnetic and high-
spin.217 We have also prepared seven late 3d transition metal complexes of the form 
[M(pinF)2]2- with M = FeII, CoII, NiII, CuII, ZnII with K, Me4N, or nBu4N cations,123 
including structural, spectroscopic, magnetic, and electrochemical characterization. The 
species A2[Cu(pinF)2] has been prepared with both A = and Me4N (13) and K (14), and 
the reactivity of 14 is the focus of this chapter. As shown in Figure 4.1, 14 exhibits a 
square-planar geometry with the Cu atom lying on a center of inversion. The average Cu-
O bond length in 14 is 1.905(14) Å, and bridging K…F interactions from the cation to the 
(pinF)2- ligand suggest a {F2O3} coordination sphere for each K+ cation.123  
This chapter examines the stability of 14 in organic and aqueous conditions at 
reducing potentials by cyclic voltammetry (CV) and UV-vis spectroscopy. Furthermore, 
the electrochemical reactivity of 14 was examined, which is a precatalyst for the catalytic 
reduction of NOx species in H2O at basic conditions. 
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Figure 4.1. ORTEP of  142H2O.123 Selected distances (Å) and angles (°): Cu(1)-O(1) = 
1.905(14), O(1)-Cu(1)-O(1)ii = 180.0, O(1)-Cu(1)-O(1)iii = 92.79(8), O(1)-Cu(1)-O(1)i = 
87.21(8). Hydrogen atoms removed for clarity and ellipsoids are shown at the 50% 
probability level. 
4.2. Experimental 
4.2.1. General Procedures, Physical Methods, and Synthetic Procedures 
Deionized H2O and EtOH were used as solvents for aerobic synthesis. CH3CN 
was distilled from CaH2 under N2 and brought into an N2-filled drybox. The alcohol 
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H2pinF was obtained from Oakwood Chemicals or Matrix Scientific. KCl, KNO3, and 
NaNO2 were purchased and recrystallized from H2O. Tetrabutylammonium 
hexafluorophosphate (TBAPF6) was purchased and recrystallized from EtOH, and dried 
under vacuum before being stored in a N2-filled drybox. All other reagents were obtained 
commercially and used without any further purification. UV-vis data were collected on a 
Shimadzu UV-3600 spectrometer. NMR spectra were measured on a Varian 500 MHz 
spectrometer. 15N-labeled substrates and standards were purchased from Cambridge 
Isotope Laboratories, except for Na15NO2, which was purchased from Berry & 
Associates. Complex 14 was prepared in air under ambient conditions from a previously 
published procedure.123 
4.2.2. Cyclic Voltammetry Procedures 
In a N2-filled drybox, 14 was evaluated in solutions of CH3CN with TBAPF6 as 
the supporting electrolyte. All CV potentials evaluated in CH3CN are referenced to 
Ag/AgNO3 with external [Cp2Fe]+/[Cp2Fe]0. In air under ambient conditions, 14 was 
evaluated in H2O with KCl as the supporting electrolyte, KOH and H2pinF as buffer, and 
KNO3 or NaNO2 as substrate, unless otherwise noted. All CV potentials evaluated in H2O 
are referenced to Ag/AgCl. Prior to CV evaluation, the pH was adjusted using saturated 
aqueous KOH or H2pinF. Solutions were purged thoroughly with Ar or N2 and kept under 
positive pressure during aqueous experiments. A three-electrode cell was connected to an 
external CHI 630C or CHI 630E potentiostat run by a personal computer with CHI 
software. A 3.0 mm diameter glassy carbon electrode (BASi) was employed as the 
working electrode, with an employed area of 7.07 mm2. In a control experiment, Cu0 wire 
  
166 
was used as the working electrode with an employed area of 11 mm2. A 7.5 cm Pt wire 
(BASi) was used as the auxiliary electrode, and Ag/AgNO3 with external 
[Cp2Fe]+/[Cp2Fe]0 (CH3CN) or Ag/AgCl (H2O) were used as the reference electrodes. 
The Ag/AgNO3 electrode was prepared from Ag wire (BASi) and the Ag/AgCl electrode 
was purchased directly from BASi. The working electrode was cleaned between 
experiments by polishing it on a microcloth pad with alumina, unless otherwise noted. 
4.2.3. Controlled Potential Electrolysis Procedures 
In air under ambient conditions, 14 was evaluated in H2O with KCl as the 
supporting electrolyte, KOH and H2pinF as buffer, and KNO3 or NaNO2 as substrate. All 
CPE potentials are referenced to Ag/AgCl. Prior to CPE evaluation, the pH was adjusted 
using saturated aqueous KOH or H2pinF. Solutions were purged thoroughly with Ar or N2 
and kept under a positive pressure during experiments. A three-electrode cell was 
connected to an external CHI 630C or CHI 630E potentiostat run by a personal computer 
with CHI software. A 25 x 25 x 2 mm glassy carbon plate (ALS) was used as the working 
electrode, with an employed area of 1022 mm2 for CPE studies. In a control experiment, 
Cu0 wire was used as the working electrode with an employed area of 200 mm2. A 23 cm 
coiled Pt wire (BASi) was used as the auxiliary electrode, and Ag/AgCl (BASi) was used 
as the reference electrode. The solution was stirred at a constant rate during CPE. See 
Figure 4.2 for CPE setup. 
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Figure 4.2. Controlled potential electrolysis setup. 
4.2.4. 15N-NMR Sample Preparation 
K15NO3 or Na15NO2 was used in place of KNO3 or NaNO2 as substrate, and 1 mL 
aliquots of solution were extracted before, during, and/or after CPE experiments. 
Paramagnetic 14 was precipitated from solution using drops of saturated aqueous Na2S 
and filtered off. The internal standard hydroxylamine (15NH2OH) or glycine 
(HO2CCH215NH2) was dissolved in D2O, and NMR solutions were prepared in a mixture 
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of H2O:D2O (6:1). Samples were evaluated with a delay time of 150 seconds for 32-128 
scans. 
4.3. Results 
4.3.1. Examination of K2[Cu(pin
F)2] Stability at Reducing Potentials Under Anaerobic 
Conditions 
In solutions of CH3CN under N2, 13 has an E1/2 of 0.65 vs. [Cp2Fe]+/[Cp2Fe] for 
the reversible CuII/III couple.123 We expanded this work to examine more reducing 
potentials in CH3CN by CV. The reversible CuII/III couple was reproducible for 14 with 
an E1/2 of 0.68 V vs. [Cp2Fe]+/[Cp2Fe]. Redox features were also observed at reducing 
potentials, which are attributed to a reduction to CuI at -0.71 V, a reduction to Cu0 at -
1.06 V, and an oxidation from Cu0 to CuII at -0.76 V vs. [Cp2Fe]+/[Cp2Fe] (Figure 4.3). 
Plotting the cathodic current vs. the square root of scan rate (v1/2) reveals that the 
reversible CuII/I feature, the CuI reduction feature, and the Cu0 reduction feature are all 
diffusion-controlled processes (Figure 4.4), in which the current is limited by the 
diffusion of 14 to the electrode, as predicted by the Randles-Sevcik equation.294 These 
current/scan-rate relationships all have a high R2 values (>0.99) for the best linear fit. The 
CuI/II oxidation feature, however, is not a diffusion-controlled process, as a lack of linear 
dependence (R2 = 0.927) is observed between the cathodic current and v1/2. This lack of 
linearity suggests that 14 is reduced to Cu0 on the glassy carbon (GC) working electrode, 
and is subsequently re-oxidized off the electrode to CuI/II at the corresponding oxidation 
potential. 
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Figure 4.3. Cyclic voltammongrams from 1.40 to -1.60 V vs. [Cp2Fe]+/[Cp2Fe] of 
background solution (black) and 14 (blue). Conditions: 200 mM TBAPF6, 4.83 mM 14, 
CH3CN, scan rate of 100 mV/s. GC working electrode, Pt counter electrode, Ag/AgNO3 
reference electrode with external [Cp2Fe]+/[Cp2Fe]. 
  
  
170 
 
Figure 4.4. Cathodic current vs. v1/2 for determination of diffusion controlled redox 
features for 4.83 mM 14 in CH3CN.  
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The assignment of the redox features observed at reducing potentials 
corresponding to the CuI and Cu0 reduction and CuI/II oxidation for 14 were further 
confirmed by examining the independently synthesized CuI compound 9, 
K[(Ph3P)Cu(pinF)], described in Chapter 3, which shows a quasi-reversible CuI/0 feature 
in a similar potential range as 14 (Figure 4.5). Complex 9 also has a quasi-reversible 
CuI/II redox couple with an E1/2 of 0.26 V that is slightly more reducing than the CuII/III 
couple for 14 The CuI/II quasi-reversible redox couple and reduction to Cu0 are both 
diffusion controlled processes, while the oxidation to CuI is not (Figure 4.6). In the case 
of 9, the oxidation of Cu0 to CuI shows extreme non-linear behavior, with a R2 value of 
0.017. This non-linearity indicates Cu0 deposition on the GC working electrode also in 
CH3CN, similar to the CuII 14 in H2O. The oxidation peak observed at 0.75 V was 
independently confirmed to be oxidation of the PPh3 ligand (Figure 4.7). 
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Figure 4.5. Cyclic voltammograms from 1.40 to -1.60 V vs. [Cp2Fe]+/[Cp2Fe] of 
background solution (black) and 9 (orange). Conditions: 200 mM TBAPF6, 4.65 mM 9, 
CH3CN, scan rate of 100 mV/s. GC working electrode, Pt counter electrode, Ag/AgNO3 
reference electrode with external [Cp2Fe]+/[Cp2Fe]. 
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Figure 4.6. Cathodic current vs. v1/2 for determination of diffusion controlled redox 
features for 4.65 mM 9 in CH3CN.  
  
174 
 
Figure 4.7. Cyclic voltammograms from 1.40 to -1.60 V vs. [Cp2Fe]+/[Cp2Fe] of 
background solution (black), 9 (orange), and PPh3 (purple). Conditions: 200 mM 
TBAPF6, 4.65 mM 9, 20 mM PPh3, CH3CN, scan rate of 100 mV/s. GC working 
electrode, Pt counter electrode, Ag/AgNO3 reference electrode with external 
[Cp2Fe]+/[Cp2Fe]. 
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4.3.2. Examination of K2[Cu(pin
F)2] Stability Under Aerobic Conditions as a Function of 
pH 
To understand aqueous solution reactivity, we examined 14 under aerobic 
conditions by a spectroscopic titration with HCl(aq.). In H2O with excess KCl and 
H2pinF/(pinF)2- buffer, we found that the absorption at 645 nm due to 14 is stable from pH 
7-12 with negligible changes in the molar absorptivity coefficient () (Figure 4.8). At pH 
5, there is a 9% decrease in  at 645 nm, indicating that below a neutral pH, the alkoxide 
(pinF)2- ligands with a pKa1 of 5.95 are protonated and begin to dissociate from the CuII 
center. Below a pH of 5, the absorption maxima shifts to 750 nm at pH 3.88, followed by 
generation of a new absorption at 805 nm that matches that of aqueous CuII with excess 
KCl in solution, indicating that the ligands are fully protonated as H2pinF and removed 
from the CuII metal center (Figure 4.9). The absorption at 645 nm can be regenerated by 
addition of aqueous KOH to deprotonate the (pinF)2- ligands and regenerate 14 (Figure 
4.10). 
When examining the Pourbaix diagram of Cu in H2O, shown in Figure 4.11,295 it 
is expected that CuII is only soluble at acidic pH and oxidizing potentials in the absence 
of any ligand. Furthermore, at reducing potentials, only Cu0 is stable. Due to the pKa 
values of H2pinF, 14 is stable in both aqueous conditions at basic pH as indicated by the 
spectrophotometric titration, and at reducing potentials, as evidenced by the CV studies in 
CH3CN.  
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Figure 4.8. Spectrophotometric titration of 14 with HCl(aq.). Conditions: 500 mM KCl, 
100 mM K2pinF, 5.75 mM 14. 
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Figure 4.9. Spectrophotometric titration of 14 with HCl(aq.) (red, orange, and green) 
compared to independently obtained CuCl2 and excess KCl (black). Conditions: 500 mM 
KCl, 100 mM K2pinF, 5.75 mM 14 (red, orange, and green); 500 mM KCl, 5.75 mM 
CuCl2 (black). 
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Figure 4.10. Spectrophotometric titration of 14 at pH 2.55 (green), 5.50 (blue), and 7.00 
(purple) with KOH(aq.). Conditions: 500 mM KCl, 100 mM K2pinF, 5.75 mM 14.  
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Figure 4.11. Pourbaix diagram of Cu in H2O.295 
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4.3.3. Examination of K2[Cu(pin
F)2] Stability at Reducing Potentials Under Aerobic 
Conditions 
When examining the stability of 14 by CV under aqueous conditions, there is no 
appreciable CuII/III redox couple observed in the potential window for the GC working 
electrode from 0.8 to -1.40 V (Figure 4.12). A reduction feature at -0.34 V is observable, 
attributed to the generation of a transient CuI species, followed by a second reduction at -
1.25 V, attributed to a Cu0 reduction. The Cu0 reduction begins at -1.17 V, and increases 
sharply after -1.25 V before reaching -1.40 V. When cycling back to oxidizing potentials, 
stripping oxidation features are observed at -0.30 and -0.06 V, each a proposed one-
electron oxidation regenerating CuII from Cu0, similar to what was observed for 14 in 
CH3CN. Controlled potential electrolysis (CPE) studies of 14 at -1.30 V for 60 min with 
the same electrolyte and buffer revealed a visible Cu0 deposit on the GC working 
electrode, again indicating electrodeposition upon reduction to Cu0 in aqueous conditions. 
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Figure 4.12. Cyclic voltammograms from 0.8 to -1.40 V vs. Ag/AgCl of background 
solution (black) and 14 (blue). Conditions: 500 mM KCl, 100 mM K2pinF, 5.34 mM 14, 
pH = 12, scan rate of 100 mV/s, GC working electrode, Pt counter electrode, Ag/Cl 
reference electrode. 
Scan rate dependence studies were performed on solutions of 14 with supporting 
electrolyte KCl and H2pinF/(pinF)2- buffer from 0.2 to –1.4 V that encompass the 
observed redox features in Figure 4.12. The scan rate was varied from 25 mV/s to 400 
mV/s (Figure 4.13) and the cathodic current displays a linear dependence vs. v1/2 for the 
CuI reduction at -0.34 V, Cu0 reduction at -1.25 V, CuI oxidation at -0.06 V, and CuII 
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oxidation at -0.30 V, indicating diffusion controlled processes for all redox features 
(Figure 4.14). The relationship between cathodic current and v1/2 for the Cu0 reduction 
and corresponding re-oxidation features differs when comparing 14 in H2O and CH3CN, 
which is attributed to the fact that excess H2pinF/(pinF)2- buffer is employed in H2O and 
no buffer is utilized in organic media. Deliberate metal deposition on electrodes during 
CV has exhibited linear relationships between cathodic current and v1/2 in aqueous 
solutions.296,297 
UV-vis spectroscopy was also used to examine the potential loss of CuII from 14 
in solution after subjection to CV at reducing potentials. Although CV is not a bulk 
technique, the evaluation of UV-vis before and after multiple CV cycles could provide 
evidence of Cu0 deposition. Prior to CV evaluation of 14, UV-vis data were obtained 
displaying the characteristic max for 14 at 645 nm. After 20 cycles from 0.2 to -1.40 V 
vs. Ag/AgCl, UV-vis absorptions displayed changes only within the error of 
measurement (1%) for  at 645 nm, indicating negligible loss of CuII and therefore little 
remaining Cu0 on the GC working electrode (Figure 4.15). Furthermore, no new 
absorption peaks are generated in the visible region, indicating that when Cu0 is oxidized 
to CuI and subsequently CuII at -0.06 and -0.30 V, respectively, 14 is regenerated from 
Cu0 due to the H2pinF/(pinF)2- buffer. 
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Figure 4.13. Cyclic voltammograms from 0.20 to -1.40 V vs. Ag/AgCl of 500 mM KCl, 
100 mM K2pinF, and 5.34 mM 14 at varying scan rates from 25-400 mV/s. Conditions: 
pH = 12, GC working electrode, Pt counter electrode, Ag/Cl reference electrode. 
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Figure 4.14. Cathodic current vs. v1/2 for determination of diffusion controlled redox 
features for 5.34 mM 14 in H2O. 
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Figure 4.15. UV-vis absorptions before (red) and after (orange) 20 cycles from 0.2 to -
1.4 V vs. Ag/AgCl showing negligible in  at 645 nm. Conditions: 500 mM KCl, 100 
mM K2pinF, 5.00 mM 14.  
4.3.4. Electrocatalytic NO3
- Reduction with the K2[Cu(pin
F)2] Precatalyst 
 CV experiments revealed that at a pH of 12, in the presence of excess KCl 
electrolyte and H2pinF/(pinF)2- buffer, 14 catalytically reduces NO3- under aerobic 
conditions (Figure 4.16). The catalytic reduction begins at -1.17 V, prior to the assigned 
Cu0 reduction at -1.25 V. The CuI reduction feature at -0.34 V, CuI oxidation feature at -
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0.30 V, and CuII oxidation feature at -0.06 V remains observable and increase in 
amplitude in the presence of NO3-. A crossover feature is observed during NO3- 
reduction, in which the return potential crosses over itself at -0.9 V on the return scan 
(Figure 4.16, inset). After electrolysis, the GC working electrode was subjected to 
rinsing, but not polishing, and then placed in a solution of KCl electrolyte, H2pinF/(pinF)2- 
buffer, and NO3- substrate without 14. Only a slight catalytic reduction current was 
observed, indicating little electrochemically active deposit on the working electrode for 
NO3- reduction after CV is performed from 0.2 to -1.40 V (Figure 4.17). Complimentary 
UV-vis evaluation of pre and post CV solutions after 20 cycles indicate again negligible 
change in  at 645 nm after NO3- reduction, therefore resulting in no detectable Cu0 
deposition on the working-electrode, analogous to the observed results when no NO3- was 
present in solution (Figure 4.18). The Randles-Sevcik equation for determination of 
diffusion control cannot be applied to catalytic processes, but there is a linear correlation 
between cathodic catalytic current at -1.40 V and [NO3-] at low (<100 mM) 
concentrations (Figure 4.19). The potential range shown in Figure 4.19 is from -1.10 to -
1.40 V, and the crossover feature observed in Figure 4.16 is still present. The linear 
dependence of cathodic current and [NO3-] becomes non-linear at high NO3- 
concentrations, presumably due to the fast diffusion of NO3- to the GC working electrode. 
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Figure 4.16. Cyclic voltammograms from 0.2 to -1.40 V vs. Ag/AgCl of background 
solution (black), 14 (blue), and NO3- (red). Inset: Region of -0.002 to 0.004 mA/mm2. 
Conditions: 500 mM KCl, 100 mM K2pinF, 5.40 mM 14, 300 mM KNO3, pH = 12, scan 
rate of 100 mV/s, GC working electrode, Pt counter electrode, Ag/Cl reference electrode. 
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Figure 4.17. Cyclic voltammograms from 0.2 to -1.40 V vs. Ag/AgCl of 14 (blue), NO3- 
(red), and NO3- without 14 and GC electrode rinsed but not polished (black). Conditions: 
500 mM KCl, 100 mM K2pinF, 5.00 mM 14, 200 mM KNO3, pH = 12, scan rate of 100 
mV/s, GC working electrode, Pt counter electrode, Ag/Cl reference electrode. 
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Figure 4.18. UV-vis absorptions before (red) and after (orange) 20 cycles from 0.2 to -
1.4 V vs. Ag/AgCl in the presence of NO3- showing negligible change in  at 645 nm. 
Conditions: 500 mM KCl, 100 mM K2pinF, 300 mM KNO3, 4.90 mM 14. 
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Figure 4.19 Selection of cyclic voltammograms from 0.20 to -1.40 V vs. Ag/AgCl (-1.10 
to -1.40 shown) of 14 with 0 mM NO3- (blue), 20 mM NO3- (dotted red), 40 mM NO3- 
(dashed red), and 60 mM NO3- (solid red). Conditions: 500 mM KCl, 100 mM K2pinF, 
5.34 mM 14, pH = 12, scan rate of 100 mV/s, GC working electrode, Pt counter 
electrode, Ag/Cl reference electrode. 
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4.3.5. Electrocatalytic NO2
- Reduction with the K2[Cu(pin
F)2] Precatalyst 
Under similar conditions to the NO3- reduction, 14 was also evaluated for the 
reduction of NO2-, and showed similar catalytic reduction behavior (Figure 4.20). The 
catalytic current onset for NO2- reduction is at -1.17 V, the same reducing potential for 
NO3- reduction. The solution behavior of 14 also remains unchanged (Figure 4.20, inset), 
as the CuI reduction feature at -0.34 V, CuI oxidation feature at -0.30 V, and CuII 
oxidation feature at -0.06 V remain observable in the presence of NO2-. Similar to NO3-, 
there is also a linear correlation between cathodic catalytic current at -1.4 V and [NO2-] at 
low concentrations (Figure 4.21). 
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Figure 4.20. Cyclic voltammograms from 0.20 to -1.40 V vs. Ag/AgCl of 14 (blue), and 
NO2- (green). Inset: Region of -0.002 to 0.004 mA/mm2. Conditions: 500 mM KCl, 100 
mM K2pinF, 4.93 mM 14, 300 mM NaNO2, pH = 12, scan rate of 100 mV/s, GC working 
electrode, Pt counter electrode, Ag/Cl reference electrode. 
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Figure 4.21. Selection of cyclic voltammograms from 0.20 to -1.40 V (-1.10 to -1.40 V 
shown) vs. Ag/AgCl of 14 with 0 mM NO2- (blue), 40 mM NO2- (dotted green), 60 mM 
NO2- (dashed green), and 80 mM NO2- (solid green). Conditions: 500 mM KCl, 100 mM 
K2pinF, 4.99 mM 14, pH = 12, scan rate of 100 mV/s, GC working electrode, Pt counter 
electrode, Ag/Cl reference electrode. 
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4.4. Discussion 
4.4.1. Determination of Active Species for NOx Reduction 
The reduction of NOx substrates begins at a higher potentials (-1.17 V) than what 
is assigned for the reduction of CuI in 14 solutions to Cu0 (-1.25 V), suggesting that the 
active species for NOx reduction is not Cu0 based, but rather a transient CuI species that is 
generated at -0.34 V. Examination of the CVs displayed in Figure 4.16 and 4.20, 
however, show that the onset of the cathodic current of catalytic NOx reduction is at 
precisely the same potential as the onset of the reduction for the transient CuI to Cu0 at -
1.17 V (Figure 4.22). When shortening the potential window to -1.10 V for the 
examination of NO3- reduction in the presence of 14, no catalytic current is observed over 
25 cycles (Figure 4.23), indicating that CuI must be reduced to Cu0 in order for catalytic 
NOx reduction to take place. Although a transient reducing CuI species is generated from 
14 during CV experiments, the reduction of NOx substrates occurs due to some form of 
Cu0 deposition on the electrode. 
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Figure 4.22. Cyclic voltammograms from 0.20 to -1.40 V vs. Ag/AgCl of background 
solution (black), 14 (blue), and NO3- (red). Region of -0.60 to -1.40 V shown to examine 
Cu0 reduction onset compared to NO3- reduction onset. Conditions: 500 mM KCl, 100 
mM K2pinF, 5.40 mM 14, 300 mM KNO3, pH = 12, scan rate of 100 mV/s, GC working 
electrode, Pt counter electrode, Ag/Cl reference electrode. 
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Figure 4.23. Cyclic voltammograms over 25 cycles from 0.40 to -1.10 V vs. Ag/AgCl of 
14 (blue). Conditions: 500 mM KCl, 200 mM K2pinF, 4.99 mM 14, 500 mM KNO3, pH = 
12, scan rate of 100 mV/s, GC working electrode, Pt counter electrode, Ag/Cl reference 
electrode. 
 
Complex 14 was subjected to cyclic voltammetry from -0.50 V to -1.30 V, shortly 
after the onset of the catalytic current. There is significant evidence of an active deposit 
on the electrode by a systematic increase in current over 25 cycles (Figure 4.24). As more 
deposition occurs, the current intensity of the catalytic NO3- reduction increases 15-fold, 
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concomitant with a decreasing catalytic onset potential from -1.15 to -0.75 V after 25 
cycles. 
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Figure 4.24. Cyclic voltammograms over 25 cycles from -0.50 to -1.30 V vs. Ag/AgCl of 
NO3- (red). Conditions: 500 mM KCl, 100 mM K2pinF, 4.85 mM 14, 500 mM KNO3, pH 
= 12, scan rate of 100 mV/s, GC working electrode, Pt counter electrode, Ag/Cl reference 
electrode. 
Following 25 CV cycles from -0.50 to -1.30 V, the working electrode was 
subjected to 5 cycles in the potential window from -0.50 to 0.40 V without rinsing or 
polishing. Large oxidizing currents were observed from -0.20 to 0.40 V that decreased in 
intensity over these cycles, indicating that the Cu0 deposit is being oxidized off of the 
electrode (Figure 4.25). Re-oxidation of Cu0 deposition on GC working electrodes has 
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been previously reported at similar potentials for CuII POMs.290,298 With the potential 
window shortened from -0.50 to -1.30 V, no deposited Cu0 is oxidized off the electrode to 
regenerate 14. After 5 cycles, however, all deposits have been oxidized, matching the 
independently obtained CV of 14 evaluated from -0.50 to 0.40 V after rinsing and 
polishing the GC working electrode (Figure 4.25, inset). The evaluation from -0.50 to 
0.40 V also displays the CuII to CuI reduction at -0.34 V, but no CuI or CuII oxidation at -
0.30 V or -0.06 V, respectively, because reduction to Cu0 has not occurred. 
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Figure 4.25. Cyclic voltammograms over 5 cycles from -0.50 to 0.40 V vs. Ag/AgCl 
after 25 cycles from -0.50 to -1.30 V of NO3- (red) and independently obtained 14 from -
0.50 to -0.40 V after rinsing and polishing (blue). Inset: Region of -0.002 to 0.002 mA. 
Conditions: 500 mM KCl, 200 mM K2pinF, 4.85 mM 14, 500 mM KNO3, pH = 12, scan 
rate of 100 mV/s, GC working electrode, Pt counter electrode, Ag/Cl reference electrode. 
 
To confirm further that the deposit was Cu0 based, the 25 cycle evaluation from -
0.50 to -1.3 V was repeated to deposit Cu0 onto the electrode. Prior to subjecting the 
solution to oxidizing potentials of -0.50 to 0.40 V, the electrode was rinsed with 1 mL of 
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Hg0, followed by H2O. When scanning oxidatively, only small features in current were 
observed, indicating that Cu0 on the electrode surface was removed by forming an 
amalgam with Hg0 (Figure 4.26). 
CV experiments were also evaluated with Hg0 in solution to rule out the 
possibility of the generation of any Cu0 based nanoparticles in solution that are active 
towards NOx reduction. With stirring, the CV of 14 and 1 mL of Hg0 was evaluated from 
0.40 to -1.30 V with and without the presence of NO3-, and catalytic current was still 
observed with NO3- (Figure 4.27), indicating that if Cu0 nanoparticles are generated, they 
are not active towards NOx reduction. Oxidation features were observed at -0.19 and 0.15 
V in the CV of 14 with and without NO3- that were not observed in the presence of no 
Hg0. 
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Figure 4.26. Cyclic voltammograms over 10 cycles from -0.50 to 0.40 V vs. Ag/AgCl 
after 25 cycles from -0.50 to -1.30 V of NO3- and washing with Hg0 (red) compared to 
independently obtained cyclic voltammogram from -0.50 to -0.40 V vs. Ag/AgCl after 
rinsing and polishing (blue). Conditions: 500 mM KCl, 200 mM K2pinF, 4.85 mM 14, 
500 mM KNO3, pH = 12, scan rate of 100 mV/s, GC working electrode, Pt counter 
electrode, Ag/Cl reference electrode. 
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Figure 4.27. Cyclic voltammograms from 0.40 to -1.30 V vs. Ag/AgCl of 14 with 1 mL 
Hg0 (blue) and NO3- with 1 mL Hg0 (red). Conditions: 500 mM KCl, 200 mM K2pinF, 
4.85 mM 14, 1 mL Hg0, pH = 12, scan rate of 100 mV/s, GC working electrode, Pt 
counter electrode, Ag/Cl reference electrode. 
  A summary of the CV studies is shown in Scheme 4.3. When 14 is evaluated by 
CV from 0.2 to -1.40 V with H2pinF/(pinF)2- buffer in the absence of NOx substrates, 
some form of Cu0 is electrodeposited onto the GC working electrode and reoxidized (path 
A). In the presence of NO3- or NO2-, path B, similar Cu-based reactivity is observed.  
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Compound 14 is electrodeposited as Cu0, which catalyzes NOx reduction.  In both paths 
A and B, a transient CuI species is generated. The Cu0 species has been determined as the 
active NOx reductant due to the fact that the catalytic current onset for NOx reduction 
begins precisely at the same potential as the current onset for the Cu0 reduction in the 
absence of NOx substrates. Furthermore, systematic increases in catalytic current are 
observed when oxidizing potentials are not achieved that reoxidize Cu0 to CuII, and 
regenerate 14, resulting in more electrodeposition of Cu0 and a subsequently increasing 
current and decreasing catalytic onset potential for NOx reduction (path C). The Cu0 
deposit can be removed from the GC working electrode independently by evaluating at 
oxidizing potentials to regenerate 14 (path D), or by amalgamating with Hg0 (path E). 
 
 
 
Scheme 4.3. Summary of cyclic voltammogram studies and 14 activity for NOx 
reduction. 
K2[Cu
II(pinF)2]
transient CuI
at -0.34 V
Cu0 on GC
at -1.25 V
NOx reduction
Cu0 to CuI at -0.30 V
CuI to CuII at -0.06 V
no NOx substrate NOx reduction more Cu0 on GC
CA
Cu0 to CuI at -0.30 V
CuI to CuII at -0.06 V
K2[Cu
II(pinF)2]
D
B
E Hg0 rinse
no more Cu0 deposit
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4.4.2. Controlled Potential Electrolysis Studies 
A larger-surface area glassy carbon plate (GCP) working electrode was utilized 
for bulk CPE studies. The GCP working electrode was analyzed by CV to ensure NOx 
reduction was comparable to that of the GC working electrode (Figure 4.28). The 
catalytic NO3- reduction current on the GCP begins at slightly more reducing potentials 
(approximately 0.03 V) than GC, namely -1.20 V, comparable to that -1.17 V for the GC 
working electrode. The Cu-based redox features, however, are not observed on the GCP 
at [5 mM] 14, specifically the CuI reduction ( -0.34 V), Cu0 reduction ( -1.25 V), CuI 
oxidation ( -0.30 V), and CuII oxidation ( -0.06 V). These absences are presumably due to 
the fact that the bigger surface area GCP electrode (~ 140-fold larger than GC for 
dimensions utilized) is not sensitive to low concentrations of 14. It is presumed that Cu-
based redox features also shift 0.03 V to more reducing potentials. Variations in the 
potential of redox features and in current density may be due to differing surfaces of the 
GC and GCP electrodes. Due to the similarities in the catalytic NO3- reduction, we chose 
the GCP working electrode to evaluate bulk electrolysis. 
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Figure 4.28. Cyclic voltammograms from 0.2 to -1.40 V vs. Ag/AgCl of background 
solution (black), 14 (blue), and NO3- (red). Inset: Current density -0.0005 to 0.0015 
mA/mm2. Conditions: 500 mM KCl, 100 mM K2pinF, 5.00 mM 14, 300 mM KNO3, pH = 
12, scan rate of 100 mV/s, GCP working electrode, Pt counter electrode, Ag/Cl reference 
electrode. 
CPE experiments were performed with the GCP working electrode for 30 min to 
10 hr at a constant potential of -1.40 V to analyze soluble products of NO3- reduction.  
The results displayed an increase in current density to ~ 0.02 mA/mm2 over 1800 
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seconds, consistent with the observed current density in Figure 4.28. After 1800 seconds, 
there is a current plateau, suggestive of electrodeposition, as shown in the 6 hr CPE in 
Figure 4.29. Small spikes in current density in Figure 4.28 indicated by arrows are 
attributed to the extraction of aliquots for 15N-NMR analysis by needle and syringe (see 
4.3.7). The current density is consistent until between 8-10 hours, when a steady decrease 
takes place to 0.015 mA/mm2. The amount of CuII reduced to Cu0 has been quantified by 
UV-vis and is presented in Figure 4.30, as calculated by the change in the molar 
absorptivity. UV-vis spectra of pre and post CPE solutions after 10 hr at -1.4 V indicated 
as much as 32% of 14 deposited as Cu0 on the electrode (Figure 4.31). 
  
  
208 
 
 
Figure 4.29. 6 hr CPE at -1.4 V vs. Ag/AgCl. Conditions: 200 mM KCl, 100 mM K2pinF, 
5.00 mM 14, 50 mM K15NO3, pH = 12, GCP working electrode, Pt counter electrode, 
Ag/Cl reference electrode. 
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Figure 4.30. Percent decrease in  at 645 nm over time after CPE at -1.4 V vs. Ag/AgCl. 
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Figure 4.31. UV-vis absorptions before (red) and after (orange) 10 hr CPE at -1.4 V vs. 
Ag/AgCl showing 32% change in  at 645 nm. Conditions: 200 mM KCl, 100 mM 
K2pinF, 5.00 mM 14, 50 mM K15NO3. 
Prior to CPE, CV was performed from -0.2 to -1.4 V and back with the GCP 
working electrode, displaying the standard catalytic reduction current of NO3-. After CPE 
was performed for 2 hr at -1.4 V, CV was re-evaluated in the same cycle without rinsing 
or polishing the GCP working electrode. Due to the presence of electrodeposited Cu0 
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deposit on the electrode, there is nearly an eight-fold increase in catalytic current, which 
systematically decreases over 3 cycles (Figure 4.32). The eight-fold increase indicates 
electrodeposition of Cu0 onto the GCP working electrode during CPE, and the systematic 
decrease over three oxidation phases indicates the Cu0 electrodeposit is being partially 
removed, but catalytic NO3- reduction is still taking place.  
The CuI reduction feature has grown in current intensity, and although the peak 
current shifts significantly (~ 200 mV) to a more reducing potential of -0.54 V, the 
catalytic current begins at -0.30 V, similar to what was previously observed for the GC 
working electrode. The CuI and CuII oxidation features can now be seen and remain in the 
same potential regime as previously described. Concomitant with the decrease in the 
catalytic NO3- current over 3 cycles, the CuI reduction, and CuI/II oxidation features 
similarly decrease in current over multiple cycles, further indicating oxidation of the Cu0 
electrodeposit on the GCP working electrode by cyclical scans, regenerating 14 in 
solution.  
The Cu0 electrodeposit resulting from 2 hr of CPE at -1.4 V is fully oxidized off 
the GCP working electrode after roughly 50 cycles from 0.2 to -1.4 V, at which point the 
peak current intensity matches that of the initial voltammogram without Cu0 
electrodeposit (Figure 4.33). Spectroscopic studies shown in Figure 4.30 indicated that 
after 2 hr of CPE at -1.4 V, there was a 12% decrease in the concentration of 14 due to 
the electrodeposition of Cu0. After 50 cycles from 0.2 to -1.4 V were achieved 
subsequent to the 2 hr CPE, there was only a 2% decrease in , indicating regeneration of 
the majority of 14 at the corresponding oxidation potentials, -0.30 and -0.06 V. 
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Figure 4.32. Cyclic voltammograms from 0.2 to -1.40 V vs. Ag/AgCl of NO3- prior to 
subjection to CPE (solid red) and NO3- post subjection to CPE (dotted red). Inset: Region 
of -0.0015 to 0.0015 mA/mm2. Conditions: pH = 12, scan rate of 100 mV/s, GCP 
working electrode, Pt counter electrode, Ag/Cl reference electrode. 
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Figure 4.33 Cyclic voltammograms over 50 cycles from 0.20 to -1.40 V vs. Ag/AgCl of 
NO3- after 2 hr CPE at -1.4 V (dotted red). Inset: Segment 100 (dotted red) compared to 
independently obtained CV prior to subjection to 2 hr CPE at -1.4 V (solid red). 
Conditions: pH = 12, scan rate of 100 mV/s, GC working electrode, Pt counter electrode, 
Ag/Cl reference electrode. 
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4.4.3. NOx Reduction Product Quantification 
We sought identify and quantify the products of NO3- reduction directly, to 
improve upon studies that utilize charge quantification for the identification of products, 
but provide no independent corroboration.274,279,280,282,283 Aliquots of CPE solution were 
extracted prior and subsequent to CPE, and analyzed by 15N-NMR spectroscopy using 
15N-labeled substrates. For 15N-NMR studies, a delay time of 150 seconds was utilized in 
order for 15N-species to fully relax and provide quantitative peak areas for reliable 
integration. Products were quantified after up to 10 hr CPE at -1.4 V at pH = 12 and in 
the presence of 200 mM KCl electrolyte, and saw a 95% reduction of NO3- as evaluated 
by 15N-NMR (Figure 4.34). Following the reduction of NO3- was the formation of NO2- 
and NH4+ in as much as 45.5% and 25.5% yield, respectively, accounting for 75% of total 
product after 10 hr. Table 4.1 shows the NOx (%) in solution as analyzed by 15N-NMR 
from 0-10 hr after CPE at -1.4 V. 
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Figure 4.34. 15N-NMR spectra of solutions prior (top) and subsequent to (bottom) CPE 
for 10 hr, referenced to internal standard NH2OH. Conditions: 200 mM KCl, 100 mM 
K2pinF, 50 mM K15NO3 at t = 0, 50 mM 15NH2OH, pH = 12, 6:1 H2O:D2O. 
  
  
216 
 
 
  
Table 4.1. 15N-NMR product analysis of reduction of NO3-. 
Time (hr) NO3- (%) NO2- (%) NH4+ (%) (NO3- + NO2- + NH4+) (%) 
0 100.0 0.0 0.0 100.0 ± 0.0 
0.5 82.0 ± 5.7 3.0 ± 4.2 0.0 85.0 ± 7.1 
1 80.0 ± 2.8 15.5 ± 2.1 0.0 95.5 ± 3.5 
1.5 68.0 ± 7.1 19.0 ± 2.8 0.0 87.0 ± 7.6 
2 65.0 ± 7.1 22.5 ± 2.1 0.0 87.5 ± 7.3 
3 62.0 ± 5.0  21.5 ± 3.5 3.0 ± 4.2 86.0 ± 7.4 
4 55.0 ± 7.1 26.0 ± 8.5 9.0 ± 1.4 90.0 ± 11.1 
5 42.0 ± 14.9 26.5 ± 3.5 11.0 ± 2.8 79.0 ± 15.2 
6 32.0 ± 2.8 28.5 ± 9.2 11.5 ± 0.7 72.0 ± 9.6 
7 20.0  ± 4.2  40.0 ± 11.3 12 ± 2.8 72.0 ± 12.4 
8 15.0  ± 2.1 44.0 ± 5.7 23 ± 11.3 81.5 ± 12.8 
9 13.0  ± 4.2 47.5 ± 13.4 23.5 ± 5.0 84.0 ± 14.9 
10 5.0  ± 4.2 45.5 ± 12.0 25.5 ± 5.0 76.0 ± 13.8 
Solution conditions: 200 mM KCl, 100 mM K2pinF, 5.00 mM 14, 50 mM 15NH2OH or 
C2H515NO2, pH = 12, 6:1 H2O:D2O. 
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As shown in Figure 4.35, the quantities of NO3- and NO2- in solution were 
analyzed after catalytic reduction by CPE. The N atom in NO3- has an oxidation state of 
+5, +3 in NO2- and -3 in NH4+, meaning that the complete reduction of NO3- to NH4+ is at 
most an 8-electron process. The concentration of NO3- decreases nearly linearly with time 
with an R2 value of 0.970. The increase of NO2- is only slightly less linear, with an R2 
value of 0.910, and the increase of NH4+ upon its formation after 2 hr also increases 
linearly with an R2 value of 0.938.  
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Figure 4.35. Time vs. percent N-containing species in solution after NO3- reduction by 
CPE at -1.4 V vs. Ag/AgCl. 
Analogous 15N-NMR studies were performed for the reduction of NO2- by CPE at 
-1.4 V, and saw similar reduction amounts and time profiles as compared to NO3- 
reduction, with NH4+ as the final product in as much as 35.5% yield, accounting for 
48.5% of total product (Table 4.2 and Figure 4.36). The substrate NO2- decreases linearly 
with a R2 value of 0.936, and NH4+ increases linearly upon it’s formation after 2 hr with a 
R2 value of 0.966. To analyze any possible alkaline pH affect on the concentration of N-
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containing species in solution, 15N-NMR samples were reevaluated after 15 days and 25 
days, which shows negligible changes (< 3%) in integrations for NO3-, NO2-, and NH4+. 
To evaluate if any Cu0 based species could perform the reduction of NOx 
substrates, a Cu0 wire was used as an electrode for NO3- reduction during CPE analysis. 
The solution conditions were the same as when 14 was evaluated for the reduction of 
NO3- or NO2-, except the only Cu source was the Cu0 wire, not 14. The CPE results 
showed a decrease in current density over the first several hours, followed by a current 
density close to 0 from 4-9 hr (Figure 4.37). 15N-NMR was used to evaluate possible 
15NO3- reduction products, and after 3.5 hr of CPE at -1.4 V, there was 95% of NO3- left 
in solution, with no other observable products such as NO2- or NH4+. Similarly, after 9 hr 
of CPE, 84% of NO3- was left in solution, and no other reduction products were observed. 
These results indicate that Cu0 wire may reduce NO3-, but at a much slower rate than the 
form of Cu0 metal produced on the GC or GCP electrode by 14. The form of Cu0 
generated from 14 is more reactive than Cu0 wire, and is therefore a potential 
improvement on bulk heterogeneous catalysis with Cu0 that has been done 
before.271,272,279 
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Table 4.2. 15N-NMR product analysis of reduction of NO2-. 
Time (hr) NO2- (%) NH4+ (%) (NO2- + NH4+) (%) 
0 100.0 ± 0.0 0.0 100.0 ± 0.0 
0.5 95.0 ± 3.5 0.0 94.5 ± 3.5 
1 89.0 ± 2.1 0.0 88.5 ± 2.1 
1.5 86.0 ± 1.4 0.0 86.0 ± 1.4 
2 74.0 ± 13.4 3.0 ± 4.2  76.5 ± 14.1 
3 52.0 ± 16.3 4.0 ± 4.2 67.5 ± 16.8 
4 49.0 ± 13.4 9.5 ± 0.7 68.0 ± 13.5 
5 47.0 ± 12.7 12.0 ± 7.1 68.0 ± 14.6 
6 40.0 ± 10.6 11.0 ± 2.8 58.5 ± 11.0 
7  36.0 ± 3.5 23.5 ± 2.1 57.0 ± 4.1 
8 29.0 ± 0.0 23.0 ± 1.4 52.0 ± 1.4 
9 26.0 ± 2.8 33.0 ± 4.2 57.0 ± 5.1 
10 15.0 ± 2.8 35.5 ± 10.6 48.5 ± 11.0 
Solution conditions: 200 mM KCl, 100 mM K2pinF, 5.00 mM 14, 50 mM 
15NH2OH or C2H515NO2, pH = 12, 6:1 H2O:D2O. 
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Figure 4.36. Time vs. percent N-containing species in solution after for NO2- reduction 
by CPE at -1.4 V vs. Ag/AgCl. 
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Figure 4.37. 9 hr CPE at -1.4 V vs. Ag/AgCl. Conditions: 200 mM KCl, 100 mM K2pinF, 
50 mM K15NO3, pH = 12, Cu0 wire working electrode, Pt counter electrode, Ag/Cl 
reference electrode. 
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4.4.4. Comparison to Other Cu Systems for NO3
- Reduction 
 A wide array of Cu systems have been studied for electrocatalytic NO3- 
reduction, and can be qualified into four categories: (i) Cu electrodes,271,274,279 (ii) 
bimetallic electrodes containing Cu,281-283,299 (iii) non-metallic electrodes modified with 
Cu,278,280 or (iv) complexes containing a Cu atom.289,290 The soluble complex 14 can be 
classified as a combination of the latter two categories, where 14 acts as a precatalyst that 
modifies the working electrode to have Cu0 and can be regenerated. Selected Cu-
containing NO3- reduction systems are shown in Table 4.3 and first arranged by their 
designated category, and subsequently by the catalytic onset potential calculated vs. 
Ag/AgCl for direct comparison to the catalytic NO3- reduction done by 14. 
  
 
Table 4.3. Selected Cu-containing systems for NO3- reduction from the literature. 
Compound or Active Species 
Onset Potential[a] Reported 
(V) 
Onset Potential 
vs. Ag/AgCl (V) 
Products 
Reported[b] 
Conditions ref. 
Cu electrodes 
Cu single crystal electrodes 0.00 vs. Ag/AgCl 0.00 not reported 0.1 M HClO4 271 
Cu electrodes prepared by ball milling -1.20 vs. Hg/HgO -1.25 NO2-, NH3, H2 1 M NaOH 274 
Cu electrode -1.30 vs. SCE -1.34 NH4OH, N2 0.1 M NaOH 279 
bimetallic electrodes containing Cu 
Pd-Cu electrodes 0.3 vs. RHE 0.26 N2, N2O, NH3 0.3  277 
Pd-C nanoparticles with Cu monolayer 0.15 vs. RHE -0.05 not reported 0.1 M HClO4 278 
Cu90Sn10 -0.80 vs. SCE -0.84 NH3, N2 
weakly 
alkaline 
283 
Cu90Ni10, Cu70Ni30 -1.10 vs. SCE -1.14 NH3, N2 12 281 
Cu70Zn30, Cu65Zn35, Cu59Zn41 -1.10 vs. SCE -1.14 NO2-, NH3, N2 8-9 282 
Cu60Zn40 -1.50 vs. Ag/AgCl -1.50 NH3, N2 0.1 M K2SO4 299 
Sn85Cu15 -2.00 vs. Ag/AgCl -2.00 NH3, N2 0.1 M K2SO4 299 
 
  
Compound or Active Species 
Onset Potential[a] Reported 
(V) 
Onset Potential 
vs. Ag/AgCl (V) 
Products 
Reported[b] 
Conditions ref. 
nonmetallic electrodes modified with Cu 
graphene-Cu electrode -0.90 vs. Ag/AgCl -0.90 NH3, NH2OH 0.1 M NaOH 280 
GC(P) electrode with 14 -1.17 vs. Ag/AgCl -1.17 NO2-, NH4+ 12 
this 
work 
complexes containing a Cu atom 
CuII polyoxometalates -0.40 vs. SCE -0.44 not reported 3 289 
CuII polyoxometalates -0.75 vs. SCE -0.79 not reported 5 290 
14 -1.17 vs. Ag/AgCl -1.17 NO2-, NH4+ 12 
this 
work 
[a]: If onset potential was not reported in literature, it was estimated from corresponding figures. [b]: For product analysis methods see Table 4.4 and 
text. 
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 In Cu-containing NO3- reduction systems a more acidic pH favors a lower 
catalytic onset potential. All the tabulated systems analyzed in acidic media have a lower 
catalytic onset potential than that of -1.17 V for the precatalyst 14. The potential for 14, 
however, is comparable to, or less reducing than other Cu-containing systems analyzed 
under basic conditions. It would be particularly interesting to analyze the reduction of 
NO3- by 14 as a function of pH, as the aqueous solvent may play a role in the transfer of 
O and/or H atoms from substrate to product. Preliminary studies have shown no changes 
in background solutions of 14, KCl electrolyte, and H2pinF/(pinF)2- buffer when analyzed 
from pH 8-11 and NO3- reduction studies are currently underway. This pH range was 
chosen to ensure the (pinF)2- ligands are still bound to the Cu center, as shown previously 
in Figure 4.8. 
Other literature methods of product detection for Cu-containing NO3- reduction 
systems are compiled in Table 4.4.  To the best of our knowledge, we are the first to use 
quantitative 15N-NMR for such analysis of NOx reduction. The data are again sorted by 
category of Cu-containing species, followed approximately by the percent of NO3- 
reduced.  
Dependent upon the applied reducing potential, the Cu electrode analyzed in 0.1 
M NaOH suggested products of N2 and NH4OH based on the analysis of charge transfer 
steps from CV studies, though no quantitative data are provided.279 Various Cu electrodes 
prepared by ball milling reported 44-54% NO3- reduction by Faradaic yield after 8 hours, 
concomitant with 2% NO2-, 61-79% NH3, and 19-36% H2 as products.274 Cyclic 
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voltammetry done with various Pd-Cu electrodes at a pH of 0.3 showed various reduction 
products, including N2, N2O, and NH3, which were identified by DEMS, but not 
quantified.277 Studies with Cu-Zn and Sn-Cu electrodes reported nearly quantitative NO3- 
reduction after 12 hr of electrolysis, and various ratios of NH3 were reported based on 
charge transfer analysis, concomitant with assumed N2.299 Another analysis of Cu-Zn 
electrode reductions with various Cu:Zn ratios reported nearly quantitative reduction of 
NO3-, with NO2- and NH3 determined by visible spectroscopy, and N2 assumed.282 
Dependent upon the electrolysis setup, the Cu-Ni electrodes Cu90Ni10 and Cu70Ni30 
displayed a 71% (divided cell) or 86-92% (undivided cell) reduction of NO3- over 24 hr 
or 180 min, respectively, with time dependent data for both methods.281 Approximately 
71% of product was reported as NH3 after 24 hours of electrolysis in the divided cell, 
determined by visible spectroscopy, whereas N2 was assumed as the product in the 
undivided cell.281 The Sn-modified Cu electrodes displayed as much as a 33% decrease in 
NO3- concentration over 400 min depending on the electrode setup, with time dependent 
data displaying NH3 as 65% of the reduction product calculated by mass balance, and N2 
assumed as the remaining product.283 Lastly, the graphene-modified Cu electrode system 
reported NH2OH and NH3 as products by determining the number of electrons consumed 
per NO3- ion,280 though no quantitative data are reported.  
These results interestingly show that N2 has not been detected spectroscopically in 
the Cu-containing NO3- reduction systems, only assumed based on charge transfer data. It 
should also be noted NH3 is a favored product in basic conditions for other Cu-containing 
reduction systems. The precatalyst 14 is an extremely competitive system for NO3- 
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reduction, as only the bimetallic Cu-Ni281 and Cu-Sn283 electrodes report time dependent 
data of NO3- being reduced, with the latter using charge transfer analysis to compile 
kinetic data. Spectroscopic techniques, such as 15N-NMR, are a reliable method of 
analysis for non-volatile, soluble products for quantitative data. Other spectroscopies, 
such as GC-MS headspace analysis, may be used to observe different species, including 
gases such as NO, N2O, or N2. 
  
 
Table 4.4. Analysis of NO3- reduction products by Cu-containing systems and methods of analysis. 
Compound or Active 
Species 
Products 
NO3- Reduced 
(%) 
Product(s) (% of 
Total) 
Analysis Method 
Time and/or 
Dependency 
Ref. 
Cu electrodes       
Cu electrode N2, NH4OH - - charge balance - 279 
Cu electrode prepared by ball 
milling 
NO2-, NH3, H2 44-54 
NO2- = 2 
NH3 = 61-79 
H2 = 19-36 
charge balance 8 hr, no 274 
bimetallic electrodes containing Cu 
Pd-Cu electrodes 
N2, N2O, 
NH3 
- - DEMS - 277 
Cu60Zn40 (divided) NH3, N2 99 
NH3 = 75 
Gas = 3 
charge balance 12 hr, no 299 
Cu60Zn40 (undivided) NH3, N2 92 
NH3 = 35 
Gas = 62 
charge balance 12 hr, no 299 
Sn85Cu15 (divided) NH3, N2 97-99 
NH3 = 29-41 
Gas = 35 
charge balance 12 hr, no 299 
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Compound or Active Species Products 
NO3- 
Reduced (%) 
Product(s) (% of 
Total) 
Analysis Method 
Time and/or 
Dependency 
Ref. 
bimetallic electrodes containing Cu (continued) 
Sn85Cu15 (undivided) NH3, N2 92-93 
NH3 = 13-19 
Gas = 62-80 
charge balance 12 hr, no 299 
Cu70Zn30, Cu65Zn35, Cu59Zn41 
NH3, NO2-, 
N2 
95 
NO2- = 1 
NH3 = 29 
visible spectroscopy and 
assumption 
- 282 
Cu90Ni10, Cu70Ni30 (divided) NH3 71 NH3 = 71 visible spectroscopy 24 hr, yes 281 
Cu90Ni10, Cu70Ni30 (undivided) N2 86-92 - assumption 180 min, yes 281 
Cu90Sn10 NH3, N2 33 NH3 = 65 
mass balance and 
assumption 
400 min, yes 283 
nonmetallic electrodes modified with Cu 
graphene-Cu electrode 
NH2OH, 
NH3 
- - charge balance - 280 
14 
NO2-, 
NH4+ 
95 
NO2- = 45.5 
NH4+ = 25.5  
15N-NMR 600 min, yes 
this 
work 
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4.5. Summary and Conclusions 
The copper(II) bis-perfluoropinacolate complex K2[Cu(pinF)2], 14, has been 
evaluated as a precatalyst for NOx substrate reduction in H2O under basic conditions. Due 
to the lower pKa values of the perfluoropinacol ligand H2pinF, 14 is stable under aerobic 
conditions and in neutral to basic pH. The complex has been evaluated at reducing 
potentials in organic media and H2O and shows Cu0 reduction onto the GC working 
electrode, but H2pinF/(pinF)2- in H2O regenerates 14 in solution at the appropriate 
oxidizing potentials.   
 The onset potential of catalytic NOx reduction is precisely the same onset as for 
the reduction of CuI to Cu0, and controls have shown that reduction of 14 to Cu0 is 
necessary for NOx reduction. CV studies concomitant with UV-vis spectroscopy have 
shown that 14 is almost fully regenerated after reduction of NO3- when oxidizing 
potentials are cyclically scanned, and 15N-NMR spectroscopy has been used to analyze 
the soluble N-containing species distribution during catalytic reduction of NO3-, resulting 
in 95% reduction of NO3-, 45.5% generation of NO2-, and 25.5% generation of NH4+ after 
10 hr. Analogous CPE analysis of NO2- reduction coupled with 15N-NMR spectroscopy 
showed 85% reduction of NO2- and 35.5% generation of NH4+ after 10 hr. Few Cu-
containing systems have been studied for electrocatalytic reduction of NOx substrates in 
alkaline conditions, and products are often quantified by Faradaic efficiency or charge 
transfer methods, rather than spectroscopic techniques. These characteristics make 14 a 
competitive precatalyst for NO3- reduction due to the low cost of Cu as compared to other 
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metals and the rate of NO3- removal in basic conditions compared to other Cu-containing 
systems. 
 The potential of -1.4 V vs. Ag/AgCl has been chosen intentionally for studying 
the NOx reduction by precatalyst 14. Catalytic turnover, however, may occur more 
optimally if electrons are not used to deposit Cu0 and reduce NO3- and or NO2-, but 
instead are only used to reduce NOx during bulk electrolysis. This could be achieved by 
intentionally depositing Cu0 from solutions of 14 without the presence of NOx, and then 
using the doped working electrode for catalysis in order to achieve more product turnover 
during the same time profiles, making this project open for further future study. 
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